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ABSTRACT

A manoeuvre controller program has been developed to fly an F-111C dynamic flight
model through any number of prescribed manoeuvres. A selection of discrete
manoeuvres is available which can be used as building blocks to represent most of
those likely to be encountered in flight. Generalised manoeuvres can also be flown by
providing reference flight trajectories generated by an external source. The dynamic
model and manoeuvre controller have been developed to allow the realistic modelling
of manoeuvres required by mission analyses, weapons delivery studies and systems
assessments.
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MANOEUVRE CONTROLLER DESIGN FOR
AN F-111C FLIGHT DYNAMICS MODEL

Executive Summary

In 1989, the Information Technology Division (ITD) of the then Electronics Research
Laboratories (ERL) placed a research agreement with the Electrical and Computer
Engineering Department at the University of Newcastle, for the development of a
manoeuvre controller program to fly an F-111C flight dynamics model through a set of
manoeuvres representative of typical operational flights. The program was to be based
on the Air Operations Division (AOD) F-111C Flight Dynamics Model and the Mirage
III-O Manoeuvre Controller Program previously developed by the Electrical and
Computer Engineering Department at the University of Newcastle for the then
Aerodynamics Division of AMRL. The resulting program, referred to as the F-111C
Manoeuvre Controller Program formed one component of the ITD F-111C Pave Tack
Simulation (FPTS). The F-111C Manoeuvre Controller Program has since undergone
continued development in the Air Operations Division of DSTO, and has been used in
support of the F-111C Avionics Update Program (AUP) and to assist in an accident
investigation.

Since its inception, the development of the F-111C Manoeuvre Controller Program has
been motivated by the need to determine the control inputs and aircraft dynamic
motions which result in the aircraft following a desired reference trajectory. The
approach is philosophically different from that which motivates the use of a pure flight
dynamics model, where known control input sequences are specified and the resulting
trajectories are evaluated on their own merits but are not intended to match any
preconceived trajectories. The F-111C Manoceuvre Controller Program makes the
F-111C flight dynamics model more useful for the analysis of aircraft dynamics and
performance in an operational framework. The program can be used to simulate
manoeuvres involved in navigation, terrain following, and operational and weapons
delivery exercises, and to assess the mission effectiveness of aircraft systems and
avionics and associated effects, including human factors, sensor performance and
aircraft flight path and environmental effects.

The program allows a flight to be constructed in either of two ways. Firstly, the flight
may be constructed as a sequence of discrete manoeuvres selected from a library
which includes throttle movement, acceleration/deceleration, pull-up, push-
over/pull-up, level turns, altitude changes, dive and climb, and altitude change with a
turn. Alternatively, the flight may be specified as a generalised manoeuvre, with
reference trajectories generated using an external source such as mission planning
software or graphical data processing software, provided that these reference
trajectories are aerodynamically and kinematically achievable by an F-111C. The
program incorporates discrete control loops working independently to manipulate the
throttle and control stick deflections as a function of the error between the reference




trajectories and the corresponding state variables generated by the dynamic aircraft
model, such that the aircraft model tracks the reference trajectories.

This report describes the development of the F-111C Manoeuvre Controller Program.
Each of the component parts is treated in detail, including the F-111C flight dynamics
model, the discrete state variable control loops and their coordinating manoeuvre
controller routines, and the manoeuvre generators. For each of the discrete
manoeuvres, the manoeuvre design data required to define the manoeuvre are
discussed together with the procedures for transforming these data into reference
trajectories. For each of the three generalised manoeuvre options, the input trajectory
variables are discussed together with the procedures used to transform them into
controllable reference trajectories. A description of program architecture and operation
is given along with example manoeuvres and a case study.
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NOTATION

Abbreviations

A/B
AMRL

After-burner
Aeronautical and Maritime Research Laboratory

ANSI  American National Standards Institute
AOD  Air Operations Division
ARDU Aircraft Research and Development Unit of the RAAF
ASCII  American Standard Code for Information Interchange
ASL Above Sea Level
AUP  Avionics Update Program
cg Centre of Gravity
DSTO  Defence Science and Technology Organisation
ERL Electronics Research Laboratory
FPTS  F-111C Pave Tack Simulation
HUD  Head Up Display
ITD Information Technology Division
MC Mission Computer
MIMO Multi-Input Multi-Output
PD Proportional-Derivative
PI Proportional-Integral
PID Proportional-Integral-Derivative
RAAF Royal Australian Air Force
SISO  Single-Input Single-Output
TFR Terrain Following Radar
UAV  Unmanned Airborne Vehicle
Symbols
a speed of sound (m/s)
a* system normalised step response magnitude
Om system step response magnitude normalising parameter
an normal acceleration (m/s?, expressed in multiples of g)
Qny, horizontal component of the normal acceleration (m/s?, expressed in multiples of g)
an, vertical component of the normal acceleration (m/s?, expressed in multiples of g)
az acceleration of the aircraft in the z;, direction (m/s?, expressed in multiples of g)
az, acceleration of the aircraft in the z,, direction (m/s?)
ay; lateral acceleration feedback signal (m/ s?)
Gy, acceleration of the aircraft in the y,, direction (m/s?)
az, acceleration of the aircraft in the z, direction (m/s?)
b reference wing span (m)
¢ reference mean aerodynamic chord (m)
Cq,  drag coefficient lower bound parameter
Cq4,  drag coefficient upper bound parameter
Cq,  induced drag coefficient
Cq,,., minimum drag coefficient
Cy,  drag coefficient increment due to the weapon load
Cys,  drag coefficient increment due to elevator deflection
C rolling moment coefficient (non-dimensional aerodynamic moment about the

T} axis)
v
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rolling moment derivative with respect to roll rate

rolling moment derivative with respect to yaw rate

rolling moment derivative with respect to sideslip

rolling moment derivative with respect to aileron

rolling moment derivative with respect to rudder

static total lift coefficient

lift coefficient break point parameter

lift coefficient derivative with respect to pitch rate

lift coefficient at minimum drag

lift coefficient derivative with respect to rate of change of angle of attack
un-trimmed static lift coefficient

pitching moment coefficient (non-dimensional aerodynamic moment about y,
axis)

static pitching moment coefficient

pitching moment derivative with respect to yaw rate

pitching moment derivative with respect to pitch rate

yawing moment coefficient (non-dimensional aerodynamic moment about the
2p axis)

yawing moment derivative with respect to roll rate

yawing moment derivative with respect to yaw rate

yawing moment derivative with respect to sideslip

yawing moment derivative with respect to aileron

yawing moment derivative with respect to rudder

thrust coefficient (C, = T'/gS)

longitudinal force coefficient (non-dimensional aerodynamic force in the z;
direction)

lateral force coefficient (non-dimensional aerodynamic force in the y, direction)
side force derivative with respect to roll rate

side force derivative with respect to yaw rate

side force derivative with respect to sideslip angle

side force derivative with respect to rate of change of sideslip

side force derivative with respect to aileron deflection

side force derivative with respect to rudder deflection

normal force coefficient (non-dimensional aerodynamic force in the z; direction)
inertial coefficient (kg?.m?)

inertial coefficients (kg~!.m~?)

rolling moment increment due to spoiler

yawing moment increment due to spoiler

side force increment due to spoiler

natural logarithm basis (e = 2.7183...)

factor to convert from feet to metres (0.3048 m/ft)

gravitational acceleration at mean sea level (9.807 m/s?)

system step response magnitude

control system pitch gain

control system roll gain

control system component transfer functions

altitude (ft)

altitude at which the turn begins in an altitude change and turn manoeuvre (ft)

vi
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drag number (index) associated with the weapon load carried (I, = Cq, x 107%)
moment of inertia about z;, axis (kg.m?)

moment of inertia about y; axis (kg.m?)

moment of inertia about z, axis (kg.m?)

product of inertia in z; — z, plane (kg.m?)

induced drag constant

induced drag constant

exponential indices defined at sea level, 16400 ft and 32 800 ft respectively,
determining static atmospheric pressure decrease with altitude (Pa)
empirical adjustment factor associated with normal acceleration

empirical adjustment factor associated with thrust

pitch control system lag circuit gain (°/s/°)

temperature lapse rate with altitude (K/ft)

coupled rolling moment (N.m)

aircraft mass (kg)

fuel flow rate (Ib/h)

Mach number

degree of a dynamic system

coupled yawing moment (N.m)

body axes roll rate (angular velocity about z; axis) (rad/s)

air-path axes roll rate (angular velocity about z,, axis) (rad/s)

static atmospheric pressure (Pa)

atmospheric pressure at sea level, 16400 ft and 32 800 ft (Pa)

body axes pitch rate (angular velocity about y, axis) (rad/s)

pitch rate feedback signal (rad/s)

air-path axes pitch rate (angular velocity about y,, axis) (rad/s)

dynamic pressure (Pa)

threshold dynamic pressure (Pa)

body axes yaw rate (angular velocity about z; axis) (rad/s)

factor to convert from radians to degrees (180/7 °/rad)

air-path axes yaw rate (angular velocity about z,, axis) (rad/s)

universal gas constant (286.7 m?s~2K~1)

the complex Laplace transform variable

reference wing area (m?2)

simulation time (s)

time delay at the start of a manoeuvre (s)

time delay before throttle movement (s)

total manoeuvre duration for a discrete or a generalised manoeuvre (s)

fall time — time taken for a reference trajectory to return to its original value (s)
duration for which the dynamic part of a discrete manoeuvre is sustained (s)
aircraft system step response time lag (s)

flight time at which a pull-up commences (s)

rise time — time taken for a reference trajectory to reach a new steady value (s)
throttle rise time (s)

time for which a steady state turn is sustained during a discrete manoeuvre (s)
net thrust (N)

static atmospheric temperature (K)

trim ratio

control input vector

vii
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Uj, i=1-10
v

V2

T

T3, i=1-57
Tp

2y

Z acc

individual components of the control input vector z

true airspeed (m/s or ft/s)

climb rate (V, = Vsinvy) (m/s)

state vector

individual components of the state vector z

longitudinal body axis passing through the aircraft centre of gravity, fixed
relative to the fuselage in the forward direction and lying in the plane of
symmetry

longitudinal Earth axis with the origin at the runway threshold and aligned to
the North

longitudinal stability axis passing through the aircraft centre of gravity, aligned
in a forward direction coinciding with the projection of the true airspeed vector V'
in the plane of symmetry and offset from z; by the angle of attack o

longitudinal air-path axis passing through the aircraft centre of gravity, aligned
in the forward direction parallel to the true airspeed vector V and offset from z;
by the angle of sideslip 3

offset distance in the z; direction of the accelerometers from the aircraft centre of
gravity (m)

centre of gravity position in the —z; direction relative to the wing root chord
leading edge, expressed as a fraction of reference mean aerodynamic chord
northward location coordinate relative to a runway threshold, defined in Earth
axes and evaluated from the body axes orientation angles (m)

northward location coordinate relative to a runway threshold, defined in Earth
axes and evaluated from the air-path axes orientation angles (m)

lateral body axis passing through the aircraft centre of gravity, fixed relative to
the fuselage in the starboard direction perpendicular to the plane of symmetry
lateral Earth axis with origin at the runway threshold and aligned to the East
lateral stability axis passing through the aircraft centre of gravity, aligned in the
starboard direction perpendicular to the plane of symmetry (coincides with y;)
lateral air-path axis passing through the aircraft centre of gravity, aligned toward
starboard and offset from y, toward z, by the angle of sideslip

eastward location coordinate relative to a runway threshold, defined in Earth
axes and evaluated from the body axes orientation angles (m)

eastward location coordinate relative to a runway threshold, defined in Earth
axes and evaluated from the air-path axes orientation angles (m)

system output vector

normal body axis passing through the aircraft centre of gravity, fixed relative to
the fuselage in the downward direction perpendicular to the plane of the aircraft
normal Earth axis with origin at the runway threshold and aligned downward
toward the centre of Earth

normal stability axis passing through the aircraft centre of gravity, aligned in a
downward direction relative to the fuselage in the plane of symmetry and offset
from z, away from z, by the angle of attack «

normal air-path axis passing through the aircraft centre of gravity, aligned in a
downward direction relative to the fuselage (coincident with z;)

offset distance in the 2, direction of the accelerometer pack from the aircraft centre
of gravity (m) :

centre of gravity position in the —z, direction relative to the water line, expressed
as a fraction of wing chord

viii
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Z. downward location coordinate relative to a runway threshold, defined in Earth axes
and evaluated from the body axes orientation angles (m)

Z., altitude relative to a runway threshold, evaluated from the air-path axes orientation
angles (ft)
Symbols (Greek)

el angle of attack (°)

B8 angle of sideslip (°)

5 climb angle (°)

Ye ratio of specific heats for air

Yo climb angle at the beginning of a dive or climb phase of a dive and climb manoeuvre (°)

8ion  longitudinal stick position (fraction of travel, -1 to 0.64, fully aft to fully forward)

81t lateral stick position (fraction of travel, -1 to 1, fully right to fully left)

6rug rudder pedal position (fraction of travel, -1 to 1, fully right to fully left)

0u engine thrust line offset angle (°)

da aileron (differential stabilator) deflection (°)

de elevator (symmetrical stabilator) deflection (°)

port stabilator deflection (°)

O, starboard stabilator deflection (°)

or rudder deflection (°)

ds spoiler deflection (°)

Op throttle lever position (ranges from 1 at flight idle to 5 at maximum military thrust,
and in segments from 6 at minimum after-burner to 15 at maximum after-burner)

Ad, component of ground track error normal to the instantaneous ground track (m)

Ad; component of ground track error tangential to the instantaneous ground track (m)

Ah  change in altitude (ft)

At  simulation time integration step (s)

AV change in true airspeed (%)

AX  component of the ground track error in the northerly direction (m)

AY  component of the ground track error in the easterly direction (m)

A, change in angle of attack (°)

Ad, increment in throttle lever position

Ay change in heading angle (°)

0 pitch angle (°)

Ow flight path (climb) angle (°)

A wing sweep angle (°)
p atmospheric air density (kg.m~3)
Te engine time constant (s)

Ty time based parameter for ground track augmentation through true airspeed control (s)
Ty time based parameter for ground track augmentation through bank angle control (s)

¢ body axes bank angle (°)

b air-path axes bank angle (°)

P yaw angle (°)

Py heading angle (°)

Wn filter natural frequency (rad/s)

Wn,, filter natural frequency based on a normal acceleration constraint (rad/s)

filter natural frequency based on a thrust constraint (rad/s)

ix
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Accents

denotes the derivative of the accented variable
denotes a preliminary form of the accented variable, usually to receive further processing

such as filtering
denotes an augmented form of the accented variable; a threshold value of the accented

variable, or a final value of the accented variable

Subscripts

b denotes a quantity defining or defined in body axes

e denotes a quantity defining or defined in Earth axes

lim  denotes a limiting (maximum or minimum) value that the subscripted variable is to
reach

maz  denotes the maximum value that the subscripted variable is to reach

min  denotes the minimum value that the subscripted variable is to reach

rec  denotes a quantity related to the recovery from a manoeuvre

ref  denotes reference trajectory

s denotes a quantity defining or defined in stability axes

ss denotes a steady state value of subscripted variable

trim  denotes the value of the subscripted variable when the aircraft is in a trimmed flight

condition
turn denotes a quantity related to a turn manoeuvre
w denotes a quantity defining or defined in air-path axes, or computed from state

variables defining or defined in air-path axes

UNITS

It has been an accepted standard for many decades for aircraft operators to express aircraft mass,
altitude, rate of ascent or descent, and airspeed in imperial units, and range in navigational units.
The software described in this report models an aircraft that is still operated in accordance with
these standards. The software therefore allows the user to choose the units basis for specification
and presentation of these quantities in order to either conform with this standard, or to do so
based fully on SI units. This report therefore treats the relevant quantities either in imperial
units or in both sets of units where pertinent. Altitude is always expressed in feet for input and
output purposes. All quantities completely internal to the software are evaluated in SI units.

Normal acceleration is defined in this document in units of m/s2. However, to be consistent
with aircrew practice it is expressed in multiples of g, for example 2¢ = 19.614 m/s%. This
is also normal practice for the purposes of flight dynamics analysis and aircraft operations.
Expression of normal acceleration in this manner is a conventional representation which is also
referred to as the normal load factor.
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1 INTRODUCTION

With the development of aeronautics as a science and the ever increasing complexity and
capabilities of aircraft has come the need to automate many of the tasks traditionally undertaken
by the pilots of those aircraft. Initially this need led to the development of the classical autopilot,
where in the interests of relieving pilot workload and increasing navigation accuracy, the tasks
of maintaining heading and altitude were automated. Subsequent development has realised
a wealth of potential applications for autopilots, including landing and approach control [7],
missile and Unmanned Airborne Vehicle (UAV) guidance [45, 36, 40], terrain following and
avoidance [4], optimal manoeuvring [43], weapon delivery manoeuvring [26, 38, 41, 24], flight
test manoeuvring [15] for weapons clearance and aerodynamic parameter estimation, and
systems assessment and development [19, 5, 20].

In aeronautical research it is often useful to investigate phenomena associated with aircraft
flight by utilising accurate mathematical models of the flight dynamics of those aircraft. The
practice of mathematical model development for military aircraft has become extensive in re-
cent decades as improvements in computing power have enabled large scale simulations of
aircraft dynamic behaviour. The reasons are numerous, not the least of these being the capa-
bility to analyse aircraft dynamics for problem solving, performance and handling assessment,
control system research, and data analysis and reduction, all of which may be performed with
considerable benefits over actual flight trials in terms of cost, time and safety. Often these
models are necessary tools in investigations involving the assessment of onboard systems such
as navigation computers, sensor systems, weapons delivery computers, and target designation
systems. In addition, it is often useful in such studies to have the aircraft model track particular
trajectories in space. This ability is particularly important in studies which investigate the
behaviour of other subsystems such as the control activity required to fly the aircraft through
such manoeuvres, to study the variation of state variables or other parameters through various
manoeuvre phases, or to accurately predict or reconstruct flight behaviour, as in accident inves-
tigation studies [23]. Accordingly, a manoeuvre controller (often called a manoeuvre autopilot)
is required to fly the aircraft model through the prescribed manoeuvres.

In Australia, the Defence Science and Technology Organisation (DSTO) has been involved in
studies relating to the modelling and control of the General Dynamics F-111C aircraft operated
by the Royal Australian Air Force (RAAF) [8]. In 1974, the Flight Dynamics Group of the Aero-
nautical Research Laboratories (ARL) commenced the development a six degree-of-freedom
dynamic model for the F-111C aircraft, which is geometrically different from the F-111A and
F-111B aircraft operated by the services of the United States of America. The model is used
directly and indirectly as a source of aerodynamics, mass, moment of inertia, and flight control
system data to support RAAF operational investigations, aircraft development and strategic
studies. Specifically, it has been utilised by Rockwell International in the Avionics Update
Program (AUP) for the aircraft, and will also provide the aerodynamic database for the update
of the F-111C flight simulator at RAAF Base, Amberley.

In 1984 a research agreement was placed by the Aerodynamics Division of the then Aeronautical
Research Laboratories with the Electrical Engineering Department of the University of New-
castle to develop a manoeuvre controller program for a mathematical model of the Mirage III-O
aircraft, which was then in service with the RAAF. This program was written to aid in stability
and control studies for the Mirage III-O aircraft, and as a proof of concept study for manoeuvre
control of highly agile aircraft. The program allows the aircraft to be flown through any of a
suite of ten manoeuvres, which may be sequenced to build a flight profile representative of

1
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operational flight manoeuvres.

In 1989, the Electronics Research Laboratories (ERL), Information Technology Division (ITD)
placed a research agreement with the Electrical and Computer Engineering Department at the
University of Newcastle, for the development of a manoeuvre controller program to fly an F-
111C dynamic model through a set of manoeuvres representative of typical operational flights.
The program was to be based on the AOD F-111C Flight Dynamics Model and the Mirage III-O
Manoeuvre Controller Program. The resulting program, referred to as the F-111C Manoeuvre
Controller Program, was developed by the author [22] and forms a component of the ITD
F-111C Pave Tack Simulation (FPTS). In this role it is used to define and simulate navigation,
terrain following, and operational and weapons delivery manoeuvres required by the FPTS in
assessing the mission effectiveness of the Pave Tack system, aircraft avionics, and associated
effects including human factors, sensor performance and aircraft flight path and environmental

effects [5, 20].

The program has been used within AOD on two major studies to date. The first involved
the determination of the rates of true airspeed bleed-off when the aircraft is performing 4g
weapon delivery pull-up manoeuvres with various release climb angles and throttle positions.
This work was carried out in support of the AUP to provide check data for the AUP MC
ballistics prediction and weapon release condition algorithms. The second project required the
reconstruction of the flight path of an F-111C during a practice weapon delivery manoeuvre
which resulted in its crash [23]. The objective was to assist a RAAF accident investigation team
to infer the sequence of events which occurred in the final 10 to 11 seconds prior to the crash,
in order to determine the most likely cause of the accident.

In contrast to the AOD F-111C Flight Dynamics Model [8] which computes the aircraft response
to a given set of control inputs, the F-111C Manoeuvre Controller Program takes a reference
trajectory and implements control loops which, at every instant in a flight, compare the actual
flight trajectory generated by its own internal model of the F-111C flight dynamics with the
reference trajectory, to determine the control inputs necessary to make the flight dynamics
model follow the reference trajectory. This makes it more suitable for use in the study of the
aircraft behavioural aspects of F-111C operations, where the spatial trajectory required of the
aircraft is generally known. In such cases, the program can be used to determine the behaviour
of the aircraft in order to, for example, investigate the effects of the manoeuvres on the aircrew
or flight systems, on the aerodynamics or performance of the aircraft, or to determine whether
the aircraft can physically achieve the required manoeuvres.

The program has four overall options for specification of the reference trajectory for a flight.
The first allows the user to build a flight trajectory by sequentially selecting discrete ma-
noeuvres from a library which includes throttle movement, acceleration/deceleration, pull-up,
push-over/pull-up, level turns (specified by either normal acceleration, bank angle or angle of
attack), altitude changes, dive and climb, and altitude change with a turn. Most manoceuvres
can be performed at either constant velocity or constant throttle position. In the remaining
options, the program reads the trajectory information from an input file which specifies the tra-
jectory in terms of either the true airspeed /bank angle/altitude triplet, the true airspeed /bank
angle/normal acceleration triplet, or the Cartesian coordinates (X, Ye, Z)-

The program incorporates discrete control loops working independently to manipulate the
throttle and control stick deflections as a function of the error between the respective reference
trajectories and the controlled quantities. For example, the longitudinal stick position is ma-
nipulated by comparing either the altitude, angle of attack, or climb angle, to the respective
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reference trajectory. Similarly, the program utilises a control loop which compares the bank
angle reference to the aircraft bank angle to determine lateral control stick movements required.
When constant airspeed manoeuvres are requested, the throttle lever position is manipulated
by a control loop which compares the true airspeed of the aircraft to the reference true airspeed.
A further option is available which allows the specification of the magnitudes and timing of
discrete throttle movements.

Once the manoeuvre references trajectories are specified, the program controls the aircraft
model to track the references and provides additional important information including the
pitch and climb angles, airspeed or Mach number, heading angle, angles of attack and sideslip,
control deflections, stick movements, location and altitude, and other information detailing the
aircraft dynamic response to the control inputs determined.

This Research Report describes the development and usage of the F-111C Manoeuvre Con-
troller Program developed for ITD and subsequent versions used at AMRL for similar aircraft
dynamics and system assessments. Section 2 describes the aircraft kinematics, dynamics, aero-
dynamics, propulsion, and its flight control systems. Section 3 describes the construction and
tuning of the controllers and their combination relative to each of the modelled manoeuvres.
Section 4 is concerned with the discrete manoeuvre capabilities of the program and describes the
available manoeuvres, and their generation, while Section 5 describes the options for specifying
a generalised manoeuvre. Section 6 details the architecture of the program, its database struc-
ture, and its input and output. An application case study is described in Section 7. Conclusions
are drawn in Section 8.

2 F-111C FLIGHT DYNAMICS MODEL

The F-111C Manoeuvre Controller Program contains a six degree-of-freedom model of the flight
dynamics of the F-111C utilising the wind tunnel and flight test validated F-111C aerodynamic
databases developed within AOD [6]. The following sections describe the general characteristics
of the F-111C and the various components of the flight dynamics model, including the flight
control systems, the aerodynamics model, the propulsion model, and the system trimming
methodology.

2.1 Aircraft description

The General Dynamics F-111C is a variable-sweep high-wing strike aircraft powered by two
Pratt and Whitney TF30-P3 low by-pass jet engines. Initially designed to operate at subsonic
and supersonic speed at both high and low altitudes, the aircraft is utilised in RAAF operations
mainly at low altitudes and at subsonic speeds in a strike role. The level flight and manoeuvre
envelope of the aircraft is illustrated in Figure 1 [1] for an F-111C with a gross mass of 55000 lb.
The operational gross mass of the aircraft has a useful range of between 49 800 Ib and 90 000 Ib
(or equivalently a useful gross mass range, expressed in SI units, of between 22 600 kg and
40 800 kg) excluding any weapon load. The maximum military thrust rating of the aircraft is
nominally 17 700 1bf, and the maximum thrust with after-burner is nominally 34 100 1bf.

The broad range in flight Mach number is achieved by the variable wing sweep feature of the
aircraft, enabling the aircraft to fly as slowly as Mach 0.3 at sea level in clean configuration
with wings swept to their forward-most position. With wings swept fully aft, the aircraft is

3
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capable of flight at a Mach number of 2.5 at high altitude. Figure 1 shows the angle of attack
and horizontal stabiliser deflection limited manoeuvre boundaries for various values of normal
acceleration. It also shows the maximum level flight speed boundaries for continuous operation
imposed by dynamic pressure limits and engine operation limitations.

The empennage of the aircraft comprises a vertical tail and rudder combination for lateral
directional control, and all moving horizontal tail control surfaces (stabilators) acting sym-
metrically (herein termed elevator or symmetrical stabilator deflection) to give pitch control, and
asymmetrically (termed aileron or differential stabilator deflection) to give roll control. Roll control
is supplemented by wing spoilers when the wings are swept forward of 45° to overcome the
additional wing rolling inertia, thus retaining maximum roll rate capability. The wings are also
equipped with leading edge slats and trailing edge flaps for flight at low speeds in the take-off
and landing phases. '

The aircraft layout is illustrated in Figure 2. The overall size and geometric configuration of the
aircraft are summarised in Table 1.

80

------- MAXIMUM SPEED FOR CONTINUOUS OPERATION _
— — — — MAXIMUM HORIZONTAL STABILISER DEFLECTION LIMIT I
70 4——— ANGLE OF ATTACK LIMIT -

—

60 -

50

40—

30

Altitude (x1000 ft)

20

10 -

2.8
Mach number

Figure 1: F-111C manoeuvre flight envelope

2.2 Aircraft mathematical model

The F-111C dynamics model contained in the F-111C Manoeuvre Controller Program has been
constructed to represent the dynamic behaviour of the aircraft and its systems as completely and
accurately as possible within the subsonic region of the flight envelope illustrated in Figure 1.
No attempt has been made to model the aircraft in the takeoff and landing flight regimes.
Accordingly, the effects of the lift augmentation devices installed on the aircraft, such as flaps
and leading edge slats, have not been modelled.

Table 1 summarises geometric data defining the fixed physical characteristics of the F-111C

4
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Figure 2: Relationship between aircraft body axes, stability axes, and wind axes
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aircraft. The quantities described are used to non-dimensionalise the aerodynamic and propul-
sive forces and moments which govern the aircraft dynamic motion. The aerodynamic data
which contribute to the total aerodynamic forces and moments that act upon the aeroplane are
non-dimensionalised by the reference wing area S, the mean aerodynamic chord ¢, and the ref-
erence wing span b according to their nature. The aerodynamic data are non-dimensionalised
with respect to these reference values (corresponding to a wing sweep of 16° [35]) for all wing
sweep angles to give a simple standardised means of data storage and comparison, and to sim-
plify the corrections that are made to account for centre of gravity (cg) movement. Although
wing sweep is variable, and aerodynamic data are available in the program for the full range
of wing sweeps, the current implementation of the F-111C Manoeuvre Controller Program is
constrained to a single selected sweep throughout an execution. Table 2 lists those quantities
of importance to the dynamics of the aircraft, that vary as fuel is burnt.

| Quantity | Description Value |
S Reference wing area 51.1 m?
c Mean aerodynamic chord 2.68 m
b Reference wing span 2134 m
A Wing leading edge sweep angle 16° to 72.5°
Oy Thrust line offset 0°
(positive downwards from nose)

Te Engine time constant 2s

Xaee Longitudinal offset of accelerometer pack | 4.56 m

Zgee Normal offset of accelerometer pack Om

Table 1: Fixed physical characteristics of the F-111C in its reference condition (A = 16°)

| Quantity | Description | Units |
m Aircraft mass kg (Ib)
I Moment of inertia about longitudinal axis | kg.m?
I, Moment of inertia about lateral axis kg.m?
I, Moment of inertia about normal axis kg.m?
I, Product of inertia in plane of 1<g.m2
longitudinal and normal axes
Xeg Longitudinal centre of gravity position m
Zeg Normal centre of gravity position m

Table 2: Variable physical characteristics of the F-111C

The aircraft mathematical model comprises several parts. These are the dynamics and kine-
matics of the flying vehicle as a whole, the longitudinal flight control system, the lateral flight
control systems, the propulsion system, the aircraft aerodynamic forces and moments, and the
trimming system which finds the equilibrium state of the component at a given steady level
flight condition. These components are described in the following sections.

6
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2.2.1 Flight dynamics and kinematics

The flight dynamics and kinematics in the aircraft mathematical model are based on those
developed in detail in [16], and on a generic flight dynamics simulation model developed for
use within AOD by the author [22].

The system of equations used in the model is based on several moving axes systems. These are
body axes (s, Y, 2b), stability axes (zs, ys, zs), and air-path axes (Z, Yuw, zy)!. Their orientations
with respect to the aircraft fuselage are indicated in Figure 2. In addition, the motions of these
axes systems are referenced to an inertial reference frame called the Earth axes (z., ye, z¢) system,
which is fixed with respect to Earth’s surface. The differential equations of motion describe
the changing relationships between these sets of axes with time. The state variables of the
system interrelate the origin locations and orientations of the systems of axes at each point in
time. Table A1l in Appendix A lists the state variables of the flight dynamics and kinematics
subsystem.

Aerodynamic forces and moments are traditionally measured in wind tunnel facilities in sta-
bility and body axes respectively. Figure 2 shows that these two axes systems are related by
the angle of attack a. Stability axes are related to the air-path axes through the angle of sideslip
B. All three axes systems have their origin located at the aircraft centre of gravity. The aircraft
rotation rates p, ¢, and r are defined about the body axes and describe the rotation of these axes
relative to the Earth axes. A similar set of rotation rates py,, gy, and 7, is defined about the
air-path axes and describe the rotation of these axes relative to Earth axes.

The Earth axes z, ye, and z, are orientated North, East and downward respectively. The origin
is defined to be at a runway threshold. The coordinates X, Y, and Z, define the location of the
origins of the body, stability, and air-path axes systems (and hence the location of the aircraft)
with respect to the origin of the Earth axes system.

The body axes system is related to the Earth axes through the Euler orientation angles ¢, 8,
and 2 which define the bank, pitch, and yaw angles respectively. Similarly, the air-path axes
are related to the Earth axes through ¢, 6,,, and 1, the roll angle, flight path (climb) angle,
and heading angle respectively. The additional coordinates X,,,Ye,, and Z,, are computed
from the air-path axes equations. These coincide with X,,Y,, and Z, when there is no wind,
except that Z, (or h) is computed as an altitude in feet, and is of course defined in an upward
direction with respect to Earth’s surface. The four axes systems are summarised more fully in
[22]. The dynamic equations of motion are presented in detail in Appendix A. The equations
use atmospheric quantities such as air pressure, temperature and density which are generated
by the standard atmosphere model in Appendix B. This model also computes Mach number
and dynamic pressure from the true airspeed.

There are a number of effects which have not been included in the flight dynamics model.
Since the expected simulation time period of the model is short, and since the altitude is
constrained to remain within the atmosphere of Earth, the model neglects effects due to the
curvature of Earth’s surface, the rotation of Earth, and the variation of gravity with altitude
and latitude. Steady wind components have not been included in the model as their effects
are generally small with respect to the speed range of the F-111C. They would, however,
be simple to include given an application in which wind components are important. For
example, in flight path reconstruction in support of accident investigations where inertial and

!When the wind velocity components are zero, the air-path axes coincide with the flight-path axes or wind axes
defined by Etkin [16]
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GPS measurement discrepencies indicate that steady winds components existed. Unsteady
wind effects such as turbulence and wind shear have not been considered. No applications are
currently envisaged which would benefit from the modelling of these phenomena due to their
random characteristics.

2.2.2 Pitch control system

Due to its wide range in flight speeds and altitudes of operation, the F-111C aircraft has been
fitted with stability augmentation systems to account for the changing dynamic behaviour with
flight condition. The aim of these systems is to minimise the changes in the handling qualities of
the aircraft with changes in flight condition and to maintain desirable damping characteristics
in the dynamic motions, hence meeting military handling qualities specifications.

To maintain desirable dynamic pitch response characteristics, the control systems include au-
tomatic damping sensing and adaptive gain changing features. Due to the complexity of the
system and its damping sensing methodology, the adaptive characteristics of the control sys-
tems have not been modelled. Instead, the gain changers have been replaced with scheduled
gains which are interpolated as functions of the instantaneous true airspeed and altitude. The
gains used in the schedule were obtained from [28] which presents the results of a flight test
program performed by the Aircraft Research and Development Unit (ARDU) of the RAAF,
to determine the steady state gains of the flight control systems across a matrix of test points
covering the subsonic flight envelope. These tests did not extend to transonic and supersonic
speeds and gain data are therefore not available for these speed ranges. Hence the control
system gains for transonic and supersonic speeds were fixed at their Mach 0.9 values. Since the
main purpose of the program is to model subsonic manoeuvres, and since the aircraft rarely
performs demanding manoeuvres at supersonic speeds, this approximation is not considered
important. It does however mean that the dynamic system model is not validated for flight at
speeds beyond Mach 0.9.

A detailed description of the F-111C control systems is given in [39]°. A schematic representation
of the pitch control system of the F-111C, as implemented in the F-111C Manoeuvre Controller
Program, is given in Figure 3. This implementation has been developed from earlier work
by Feik [18]. The full set of state space equations used in the mathematical model of the
longitudinal control system is presented in Appendix C. It can be seen from Figure 3 that the
longitudinal stick position influences the elevator deflection both through a direct mechanical
link to the actuator, and through the pitch command augmentation loop. The longitudinal stick
movement is limited to between 14° forward and 22° aft.

The pitch command augmentation loop induces aircraft pitch handling characteristics which
are approximately uniform throughout the speed and altitude ranges in terms of stick force per
&, and short period response frequency and damping. This is done by feeding back a signal
which is a blend of normal acceleration (expressed in g) and pitch rate (expressed in °/s) in a
ratio of 4g to 1°/s. The feedback signal is effectively a composite pitch rate which is compared
by the control system to the demanded pitch rate.

The pitch command augmentation loop feeds a composite pitch rate signal measured from the
aircraft response through an inverse model. This transfer function represents the inverse of
the ideal aircraft response. As the gain of the pitch command augmentation loop is increased,

?Reference [39] presents the control system for the F-111A aircraft, which has a control system identical to that
of the F-111C.
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the response of the aircraft approaches the ideal aircraft response characterised by the inverse
model. The inverse model transfer function is

(27 + 252 11)
Gi(s) = E+D)(H5+)(5+1)(5+1) .

and is modelled in state space by Equations C21 to C24.
The longitudinal stick position is passed through a lag circuit having the transfer function

K,

T+ @

GQ(S) =

where the gain K; = 3.43 s~!. The resulting signal represents a composite pitch rate/normal
acceleration demand. In the mathematical model the longitudinal stick movement is normalised
by its full scale aft deflection of 22°, and therefore has a range of values between -1 (fully aft) and
0.64 (fully forward). The gain K; is combined with the full scale longitudinal stick deflection of
22° to define a maximum demanded composite pitch rate of 75°/s.

A summing element determines the difference between the demand signal and the feedback
signal, which is then passed through a structural filter to remove the effects of the dominant
structural modes from the feedback component of the signal. The structural filter has the

transfer function
2 2 )
G (B BT () Y41 o
BT a2 2 g $Y2 241 )"
()" +&+ (g5)" +&+

This filter serves no real filtering purpose in the mathematical model as aircraft flexibility is not
modelled. However, the filter has been included in the model as the time lag effects of the filter
must still be included in the composite pitch rate feedback signal.

The feedback signal is then amplified by the system gain in the gain changer, before passing
into a damper servo. The adaptive gain system employed on the F-111C comprises a damping
sensor pre-filter, a damping sensor, control logic, and the gain changer. The overall function of
these modules is to determine the damping of the adaptive mode response (see [39] for a full
description of the adaptive mode dynamics) of the aircraft to a subliminal pitch control input.
By measuring the number of zero crossings in the composite pitch rate signal in a fixed time, the
frequency of the zero crossings, and the time for the response to settle within a given threshold
level, and applying some control logic to the resulting parameters, the gain is automatically
adjusted until the adaptive mode response has a damping ratio of 0.3. In the mathematical
model developed in the F-111C manoeuvre controller program, the gain change system, shown
in Figure 3 within the dashed polygon, has been replaced by the schedule of gains reported in
[39] and checked by flight test in [28]. The schedule is listed in Table 3 as a function of Mach
number and altitude for the subsonic region of the flight envelope. It can be seen from the table
that the magnitude of the system gain is reduced in the high dynamic pressure region of the
flight envelope, that is, during flight at high Mach number and low altitude.

Parallel pitch trimming and pitch damping is performed by the damper servo shown in Figure 3
in the forward path of the command augmentation loop. The pitch damper has the transfer

function
1

@+

Gy(s) = “4)
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Mach Number
Altitude (ft) 0.4 ] 0.5 ] 0.6 | 0.7 | 0.8 | 0.9
0 -1.250 | -1.084 | -0.750 | -0.588 | -0.448 | -0.349
5000 -1.250 | -1.228 | -0.925 | -0.675 | -0.508 | -0.411

10000 -1.250 | -1.250 | -1.080 | -0.794 | -0.616 | -0.478
20000 -1.250 | -1.250 | -1.250 | -1.113 | -0.865 | -0.680
30000 -1.250 | -1.250 | -1.250 | -1.250 | -1.216 | -0.984
40000 -1.250 | -1.250 | -1.250 | -1.250 | -1.250 | -1.250
50000 -1.250 | -1.250 | -1.250 | -1.250 | -1.250 | -1.250

Table 3: Control system pitch gain

In addition, a series trim actuator is included in the loop to provide continuous smooth sub-
liminal trim changes with changes in flight condition. The series trim actuator acts upon the
output of the pitch damper with an integral action. Its transfer function is

3.6
G A 5
5(3) s ( % ¥ 1) ()
The output of the series trim actuator is summed with the direct output of the pitch damper
and the mechanically transmitted direct stick displacement to give an elevator demand signal.

The physical control system installed on the aircraft achieves control of the pitching motions
of the aircraft through two horizontal control surface actuators, each of which controls the
position of one of the two stabilators. The elevator demand signal is input equally to each of
the stabilator actuators. These are equivalently modelled as a single elevator actuator having a
transfer function which moves the horizontal tail surfaces simultaneously (i.e. the same transfer
function as a single horizontal control surface actuator);

1

Gs(s) = T

6)

Sl

It must be noted that in the F-111C aircraft, the pitch damper, series trim actuator, and the com-
mand augmentation can be selected by the pilot individually or in any combination, depending
on the flight condition and operational circumstances. However, in subsonic flight the nor-
mal operating mode is to have all three subsystems engaged and operating. The longitudinal
control system has therefore been included in the F-111C Manoeuvre Controller Program with
these subsystems permanently engaged.

The state space equations in the model which represent the system transfer functions in Equa-
tions 1 to 6 are given by Equations C10 to C24 in Appendix C. The longitudinal stick gearing
inputs to the elevator actuator and to the command augmentation loop are given by Equa-
tions C1 and C2.

2.2.3 Roll control system

The lateral control system models implemented in the F-111C Manoeuvre Controller Program
have been developed from similar work by Martin [33]. Figure 4 is a schematic representation

11
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of the F-111C lateral control systems. The roll control circuits are contained in the loops in the
upper part of the figure. It can be seen from the figure that the roll control system is similar
in structure to the pitch control system, having a similar set of primary components. It does,
however, have some additional intricacies.

The roll control system determines the roll response of the aircraft to pilot and TFR inputs. The
aircraft roll dynamics are excited primarily by differential stabilator movement, and additionally
by wing spoilers which operate only when the wings are swept forward of 45° leading edge
sweep.

The lateral stick movement enters the roll control system at three points. These comprise a
direct link to the spoiler actuator, a direct mechanical link to the horizontal stabilator actuator
input gearing, and an input to the roll command augmentation loop. Each of these input points
is subject to a nonlinear gearing function associated with a detent at the half-way point in the
lateral stick travel in both left and right directions. The forms of these gearing functions are
indicated pictorially in Figure 4. The lateral stick input demands spoiler deflection through a
quadratic relationship defined by Equations C5 and C8, reaching the extreme spoiler demands
of —45° and 45° for stick deflections of -0.5 and 0.5 respectively. The spoiler demand is saturated
at these extremes for stick positions between -0.5 and -1, and 0.5 and 1 respectively. The direct
mechanical linkage to the horizontal stabilator actuators passes through a bilinear gearing
defined by Equations C4 and C7. The roll rate demand is generated by a quadratic mapping
defined by Equation C3 and C6, reaching an extreme roll rate demand of £160° /s at the lateral
stick detents, and saturating at £160° /s roll rate demand for stick travel beyond the detents.

The roll rate command augmentation loop is incorporated in the system to produce uniform roll
handling characteristics throughout the flight envelope. The roll rate command augmentation
loop is driven by a roll rate signal fed back from the roll rate gyroscope installed in the aircraft.
In the mathematical model, the roll rate state variable p is used as the feedback signal. This
is passed into the inverse model, which, as in the case of the pitch control system, defines the
desired dynamic characteristics which the command augmentation system attempts to emulate.
The inverse system transfer function is given by

(s5+1)°
Gals) = 55 . @)
TG G (G )
The roll rate demand is passed through a lag circuit with transfer function
Ga(s) = — ®
ST

and is then compared with the output from the inverse model. The difference is passed through
a structural filter with transfer function

ot = (LS ()3 ;
g(s-— (s)2+25 1 s\2 | 2s ()
#) tit (7)) + 7 +1

in order to remove oscillations in the roll rate signal resulting from the dominant structural
vibrational modes. Again, although no structural vibrations will be present in the feedback
signal in the F-111C Manoeuvre Controller Program due to the assumption of rigid body
dynamics, the structural filter is included in order to model its effects, such as time lag, on the
closed loop control signal and hence the aircraft dynamic response.

13
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As with the pitch control system, the adaptive gain system shown in Figure 4 within the dashed
polygon has not been modelled. In the mathematical model of the roll control system, this has
been replaced by the gain schedule listed in Table 4. The amplified signal is passed through the
roll damper servo to damp out undesirable roll oscillations. This servo has the characteristics

1

. (10)
(55_2)2_*_2(%273_*_1

Gro(s) =

On the F-111C, the output of the roll damper servo is then mechanically added to the direct
mechanical differential stabilator position demand. The sum constitutes the total aileron or
differential stabilator demand signal which is transmitted through a mechanical rod and bell-
crank system to achieve differential input to the stabilator actuators (which is superimposed
on the symmetric stabilator deflection demand). This system is modelled by a single aileron
actuator which represents the two horizontal control surface actuators driven differentially by
the aileron demand signal. This actuator has the same characteristic transfer function as the
elevator actuator, as in Equation 6.

Mach Number
Altitude (ft) 04 | 0.5 0.6 ] 0.7 | 0.8 | 0.9
0 -0.500 | -0.500 | -0.460 | -0.386 | -0.312 | -0.251

5000 -0.500 | -0.500 | -0.447 | -0.426 | -0.347 | -0.284
10000 -0.500 | -0.500 | -0.500 | -0.468 | -0.388 | -0.312
20000 -0.500 | -0.500 | -0.500 | -0.500 | -0.494 | -0.418
30000 -0.500 | -0.500 | -0.500 | -0.500 | -0.500 | -0.500
40000 -0.500 | -0.500 | -0.500 | -0.500 | -0.500 | -0.500
50000 -0.500 | -0.500 | -0.500 | -0.500 | -0.500 | -0.500

Table 4: Control system roll gain

Spoiler deflection demands are passed directly to the spoiler actuators, which also have the
characteristic dynamics defined by Equation 6.

2.24 Yaw control system

The yaw control system on the F-111C incorporates control of the rudder via direct pilot input
from the rudder pedals to the rudder actuator via mechanical linkages, as well as through a
yaw stability augmentation loop. A schematic representation of the system is given in the lower
portion of Figure 4.

The yaw stability augmentation system comprises two feedback loops which act independently
upon yaw rate and lateral acceleration feedback signals. The yaw rate loop takes the signal
from the yaw rate gyro (the yaw rate state variable r in the mathematical model), and passes it
through a washout filter and structural filter network with transfer function

1.59s
(s+1) (55 +1)%

This transfer function contains a second order critically damped structural filter with corner
frequency 300 rad /s to damp out high frequency components in the yaw rate signal initiated by

11)

Gu(s) =
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high frequency structural dynamics. The remaining component is a washout filter that prevents
the yaw damper from opposing steady state yaw commands initiated by the pilot. Since the
integration rate used in the implementation of the mathematical model is 60 Hz, the 300 rad /s
(47.7 Hz) high frequency structural filter mode is not modelled in order to avoid aliasing effects
and instability caused by its proximity to the integration frequency. Instead it is treated as a
straight through connection. This presents no loss of accuracy since there will be no structure-
induced high frequency signals to be filtered, and the time lags introduced by such a fast filter
are insignificant compared to the frequency bands in which the control system dynamics and
flight dynamics occur. The transfer function in Equation 11 was therefore approximated by

1.59s
Gul(s) = G 12)
This approximation was not necessary with previous filter transfer functions as their fastest
modes are slow with respect to the integration frequency, and aliasing effects will not occur. It
is also more important to retain the slower filters in the model as their time lags will be more
significant.
In the F-111C, the lateral acceleration loop takes a signal from the lateral accelerometer which is
located in the crew module. In the mathematical model, the lateral acceleration is formulated
by computing the lateral acceleration arising due to the total side force acting on the aeroplane
in the lateral body axis y;, and compensating for the offset of the accelerometer from the
aircraft centre of gravity by adding the component of lateral acceleration that arises due to yaw
acceleration about the 2, axis. The sum is equivalent to the lateral acceleration that would be
measured by the real accelerometer on the aircraft while in flight. The lateral acceleration signal
is formulated in the model according to Equation C39.

The lateral acceleration loop filters have the transfer function

(@) + %1 1 1
G”“"( G0 ) \5+1)\m i) 13

Again, because of stability problems induced by the integration rate of the model, the fast
structural filter component of this transfer function is neglected without loss of accuracy. The
transfer function is approximated in the model by

(&) + %41 1
Gl?(s) = ( 60 S 60 S M (14)

(g +1 30 +1
Once filtered, the lateral acceleration and yaw rate feedback signals enter the yaw damper,

which represents the primary yaw stability augmentation component. This damper has the
transfer function

1
(&) +
with damping factor 0.7. The damper output is then added to the direct pilot yaw command

from the rudder pedals, and then passed into the rudder actuator. Again, the rudder has the
same actuation characteristics as the aileron and spoiler actuators, given by Equation 6.

Gis(s) =

(15)

The complete yaw control system is modelled by state space representations of Equations 12 to
14, given in Appendix C, Equations C38 to C42.

A fully detailed explanation of the control systems on the F-111C aircraft, including multiple
redundancy systems, fail-safe modes, electrical circuitry, hydraulic circuitry, and switches and
switching modes and sequences, can be found in [39].
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2.2.5 Propulsion model

The propulsive systems on the F-111C aircraft are represented by a simple model which envelops
all the dynamics of the engine into a single first-order filter representing the engine spool-up
lag, together with thrust and fuel flow data sourced from [3].

The thrust and fuel flow data in [3] are in tabulated form and are stored in a database which
is interrogated by the program. The structure of the database and database access will be
discussed in Section 6.3. The numerical values of thrust and fuel flow are determined by the
current values of the flight altitude and Mach number, and the throttle lever position ... The
data represent steady-state values of the variables at each flight condition. Therefore, in order
to incorporate the effects of engine spool-up response, an intermediate throttle lever position
8, is defined, which represents a lagged thrust demand variable. In other words, the spool-up
response is modelled as a lagged throttle lever movement

- é
by = X
T _Ts_e+1

(16)

where 7, = 2s is the engine time constant given in Table 1. This transfer function is modelled in
state space by Equation C46. The thrust and fuel flow are then determined from the database
as functions of the lagged throttle lever position, i.e. T = T(h, M,,.) and ri; = rnf(h, M, §,)
respectively (see Appendix D), where the fuel flow is the rate of fuel burn, as indicated by the
dotted differential notation.

The intermediate throttle lever position §,. is subject to a nonlinear mapping resulting from the
behaviour of the after-burner ring lighting sequence. Throttle lever positions vary between 1
and 15 according to a set program. The value 0 is reserved for the idle position for which no
data are available. A value of 1 indicates the 20% throttle position, and a value of 5 indicates the
maximum dry (maximum military) thrust condition, with the values 2 to 4 corresponding to
the intervening 20% increments. The thrust and fuel flow vary smoothly between these throttle
positions. The after-burner on the F-111C consists of five individual rings which inject fuel
into the turbine exhaust chamber according to the fuel pressure [1]. When the throttle lever
is pushed past the after-burner engage detent, the first after-burner ring is supplied with fuel,
with the fuel flow (and hence the thrust) increasing smoothly with fuel pressure until the ring
is saturated. The throttle lever travel for the first after-burner ring corresponds with positions
between 6 and 7. After the fuel pressure has increased past a certain set value, a valve opens
to allow fuel to pass to the second after-burner ring, which has similar characteristics. This
process continues until the fifth after-burner ring is fully supplied with fuel at a throttle lever
position of 15. Figure 5 shows a typical mapping between thrust and intermediate throttle lever
position (Mach 0.8 at sea level). The use of separate throttle position numbers to signify the end
of one after-burner segment and the commencement of the next is necessary because minimum
fuel flows to each after-burner ring mean that there is a jump in thrust and fuel flow between
consecutive throttle lever positions corresponding to the lighting of an after-burner ring.

There is an obvious absence of any thrust or fuel flow information between throttle positions
of 5and 6, 7 and 8, etc. When the manoeuvre controllers are flying the aircraft model through
manoeuvres which require thrust levels in the after-burner range, they will invariably demand
values of throttle position which lie in these intermediate segments of the throttle position scale
between valid after-burner zones. To solve this problem, values in these intermediate ranges
have been resolved into neighbouring after-burner zones. The demanded throttle lever position
is resolved into the lower after-burner zone if the demanded throttle lever position exceeds the
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Figure 5: Typical thrust mapping in relation to throttle lever position

upper limit of that zone by 0.2 or less. Otherwise it is resolved into the next zone up. For
example a throttle lever position of 7.2 is resolved to 7, while a value of 7.3 is resolved to 8. This
20%/80% separation was chosen over a 50%/50% separation because speed is more difficult to
gain than to lose in these circumstances. Due to the nonlinear nature of the concurrent changes
in thrust which arise due to the sudden changes from one after-burner zone to another, limit
cycle or chattering type behaviour can occur under the influence of the closed loop velocity
controller. Some examples of this may be seen in the example manoeuvres of Sections 4 and 5.

In addition to the throttle lever mapping implementation described above, an additional limi-
tation has been imposed on the throttle lever position. As the purpose of manoeuvre control is
in a sense to mimic the control movements that would have to be made by a pilot to perform the
same manoeuvre, it is realistic to place an upper limit on the speed of throttle lever movement.
In essence this represents not only the physiological limitations of the pilot’s arm movements,
but also a control actuator acting upon a throttle lever with friction. Such an actuator would
have a finite time response in moving the throttle. Accordingly, the maximum throttle lever
position rate of change is limited to a rate commensurate with a full scale deflection (i.e. from
1 to 15) in 0.5 seconds (a maximum rate of 30/s). In reality, a pilot could not achieve such a rate
through the after-burner range due to the throttle lever detents which must be negotiated. It
should be noted that this limitation is placed on the throttle lever position demand. The engine
lag associated with the intermediate throttle lever position determined from Equation 16 is
assumed to cover effects such as lighting of successive after-burner rings.

The fuel flow rate is determined from the database in a similar manner to the thrust. Its principal
role in the model is to evaluate the rate of change of the total aircraft mass, and is evaluated as in
Equation A36. This effect may be important in longer manoeuvres, especially those performed
at high thrust (and hence high fuel flow), where the effects of gross mass changes on the flight
dynamics of the aircraft may become significant.
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2.3 Aircraft aerodynamics

The flight dynamics state equations presented in Appendix A are driven by the forces and
moments which are externally applied to the aircraft. These include the propulsive force or
thrust T as described in Section 2.2.5, and the aerodynamic forces and moments produced
by the incident air flowing over the aircraft fuselage, the fixed aerodynamic surfaces, and the
control surfaces.

The aerodynamic forces and moments are expressed in the stability and body axes systems
respectively in order to retain consistency with conventional wind tunnel force and moment
measurement techniques. Each aerodynamic force and moment is each comprised of a number
of contributions arising from the influences of the aircraft fuselage, the fixed aerodynamic
surfaces, and the control surfaces. The values of these contributions vary with the angle of
attack o and the sideslip angle 3, the roll, pitch and yaw rotation rates p, g, and r, and the
control surface deflection angles 4., d,, 6, and &s.

Force and moment components are stored in an aerodynamics database in coefficient form.
The coefficients represent forces, longitudinal moments, and lateral moments that have been
non-dimensionalised by ¢S5, §S¢, and §Sb respectively (see Appendices A and D). Of these
coefficients, those which describe the influence of ¢, 8, the angular rates &,p,q, and r, and
the control surface deflections é.,d,, and 4y, are stored in linear derivative form, for example
Crmy = %. In addition, thelongitudinal and lateral derivatives describing the influences of the
angular rates & and ¢, and p and r are further non-dimensionalised by 55~ and 55 respectively.
Definitions of the derivatives can be found in Table 5.1 of [16] (page 176). The spoiler coefficients
are not stored as derivatives due to the nonlinear nature of their influence. Instead they are

stored as coefficient increments with the spoiler deflection being an independent variable.

Appendix D gives a detailed breakdown of the total force and moment coefficients. The
component coefficients and derivatives are defined together with their parametric dependencies
in Table D1. This appendix also gives a detailed description of the formulation of the lift and
drag coefficients from the aircraft drag polar information stored in the database.

There are currently two aerodynamic databases from which the program may draw informa-
tion. The first database is a compilation of aerodynamic data determined from wind tunnel
measurements made by General Dynamics Corporation [44, 32]. The second database is a com-
pilation of the results of a flight test and aerodynamic data identification program undertaken
jointly by DSTO and ARDU to estimate the stability and control characteristics of the F-111C
from flight recorded manoeuvres. This second database has been compiled from both the wind
tunnel and flight test data and has been validated by comparing the responses of the DSTO
F-111C Flight Dynamics Model to the flight test recorded control surface time histories, with
the flight test dynamic aircraft responses [17, 9, 10, 13, 12, 14, 30, 31, 42]. A third database
is in preparation which will also contain the flight test validated aerodynamic data, but with
data structures modified to reflect the dependence of some of the aerodynamic coefficients and
derivatives on the angle of attack [6]. This third database will be integrated into the F-111C
Manoeuvre Controller Program in due course.

2.4 System trimming

At the commencement of program execution, the aircraft mass, wing sweep, and the desired
flight Mach number and altitude are specified. To allow the flight manoeuvre simulation to
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begin smoothly, the dynamic equations in the F-111C dynamic model contained within the
F-111C Manoeuvre Controller Program must be in equilibrium, and in a state which represents
steady level flight. This requires a preliminary trimming procedure to find the equilibrium
state for the configuration and flight conditions specified.

Since the flight control system has been modelled, the trimming procedure involves a two-
stage process. The first stage involves determining the equilibrium state of the flight dynamic
equations. The second stage determines the equilibrium state of the control system. This
is achieved by use of the Newton-Raphson [29] iteration method for finding the equilibrium
solution of a set of ordinary differential equations. This procedure is used to find the equilibrium
state vector z and input vector u for which the state derivatives are all zero, that is, for which
the right hand side of Equation Al is equal to zero.

Trimming the longitudinal flight dynamics equations involves finding the equilibrium angle
of attack a, elevator angle é., and thrust T' (through the intermediate throttle lever position
&, = z51) for which the right hand sides of Equations A3, A5 and A7 are simultaneously zero,
subject to the restrictions that the pitch angle # = o in order to achieve level flight (flight path
angle v = 0), and the pitch rate g is zero.

Since the characteristic nature of the pitch control system is essentially a normal acceleration
demand system, the system automatically adjusts the longitudinal stick position to the neutral
position in steady level flight (1g). The adjustment is performed by the series trim actuator
(see Section 2.2.2, Equation 5). This allows the equilibrium elevator angle to change with
flight condition while retaining the neutral stick position in steady level flight. The trimming
requirement, therefore, is to determine the equilibrium value of the series trim actuator output
state 793 for which the right hand side of Equation C19 is equal to zero. In addition, the
equilibrium value of the throttle lever position ¢,. is determined such that the right hand side
of Equation C46 is equal to zero.

No trimming of the lateral aerodynamic control surfaces or the lateral control systems is neces-
sary due to the symmetry of the aircraft. The pilot’s lateral control deflections are automatically
trimmed to their neutral positions.

3 MANOEUVRE CONTROL

The manoeuvre control component of the F-111C Manoeuvre Controller Program consists of five
fundamental state variable controllers, together with a set of coordinating routines, referred to
as manoeuvre controllers, of which there is one for each of the discrete and general manoeuvre
options. The manoeuvre controller routines govern the functions represented in Figure 6, which
shows the general control structure of the program. These functions include the generation of
the manoeuvre reference trajectories, the formulation of the trajectory tracking errors, and the
selection and coordination of the state variable controllers relevant to the current manoeuvre.
The three primary functional groups are a manoeuvre generators, the state feedback controllers,
and the aircraft dynamics model discussed in Section 2. The manoeuvre generator governs the
design of the manoeuvre reference trajectories which are to be tracked by the aircraft model. The
set of reference trajectories to be tracked will be particular to the manoeuvre being performed,
and therefore will be addressed for each individual manoeuvre in Sections 4 and 5.

The five state variable controllers are designed to independently control angle of attack, al-
titude, bank angle, climb angle, and true airspeed. No external control of sideslip has been
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implemented since zero sideslip is generally desirable in operational manoeuvres, and suffi-
cient sideslip regulation is achieved by the natural damping action of the yaw control system. A
number of the state variable controllers are implemented in unison by the relevant manoeuvre
controller according to the requirements of the manoeuvre being flown. That is, the set of state
variable controllers implemented corresponds to the set of reference trajectories that define the
chosen manoeuvre.

STATE AIRCRAFT
MANOEUVRE MANOEUVRE Zoy u z
DESIGN = = = =3 o o TOR »| FEEDBACK »| MATHEMATICAL }———
PARAMETERS CONTROLLER MODEL
A
x
STATE FEEDBACK LOOP

Figure 6: General control structure

In this section the control design methodology used in the program is discussed. The five
state variable controllers are described in detail, followed by a discussion of the method used
to tune the state variable controllers. The resulting controller gains are then presented. The
manoeuvre controllers are considered with emphasis on their implementation of the state
variable controllers.

3.1 Control design methodology

The controller architecture employed is a cascaded linear single-input single-output (SISO)
arrangement. Each system output® is manipulated independently, via a SISO control loop, by
the system input* which has the most influence on it. There were two other primary alternatives
that were considered for this task. The first was a multi-input multi-output (MIMO) linear
controller in which the system outputs are each manipulated by all of the system inputs but
to differing degrees, depending on the cross-coupling characteristics of the open loop system,
through one large multivariable cross-coupled controller. The second was to implement a full
nonlinear multivariable control strategy, such as the feedback linearisation method discussed
by the author in [21]. This method is based on a knowledge of the nonlinear structure and
coupling characteristics of the dynamic system being controlled.

There are particular advantages in utilising a SISO architecture to control a model of a manoeu-
vring F-111C aircraft. Firstly, it is a simple architecture for which tuning principles are well
developed, especially for systems in which the magnitudes of the cross-coupling responses
are small compared to the responses generated by the primary control input/output pairs.
By comparison, the design, development, and tuning of a MIMO control system is complex
and cumbersome [11], requiring the same effort for a system with little coupling as for one
which is strongly coupled. Nonlinear methods such as feedback linearisation have the poten-
tial to remove nonlinearity and cross-coupling inherent in the open loop system from the closed

3The system outputs z are the state variables being controlled, see Equation A2 and Table Al.
“The system inputs u are the stick and throttle lever positions, see Equation Al and Table C1.
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loop. However, nonlinear control theory is still in its infancy, and current methods rely on an
accurate knowledge of the system structure and parametric description, and present a heavy
computational burden. They are mainly aimed at decoupling strongly nonlinear systems. Their
potential lies in their application to highly manoeuvrable aircraft [21] which can manoeuvre at
high angle of attack where rotation about the velocity vector induces nonlinear aerodynamics
and strongly coupled gyroscopic effects. In such circumstances the application of nonlinear
methods to uncertain systems requires high gains to ensure robustness. The parametric com-
ponents of the F-111C dynamic model that are subject to some uncertainty are the aerodynamic
coefficients and performance data discussed in Section 2.3 and 2.2.5. Although the data con-
tained in the databases have been validated against flight data and are considered to give a
good representation of the aerodynamic characteristics of the aircraft, it cannot be assumed that
the data are completely free from uncertainty when designing the control system. Since the
intention of the program is to emulate a control system that might be built to control the real
aircraft, it must be assumed that the flight dynamic system has some level of uncertainty, even
if this only arises due to errors in measurement of Mach number and altitude on which the
aerodynamic and propulsion data depend.

There were two primary reasons for choosing the cascaded SISO architecture in the develop-
ment of manoeuvre controllers for the F-111C aircraft. Firstly, compared to aircraft with high
angle of attack flight capability, the F-111C is not a highly manoeuvrable aircraft and there-
fore cross-coupling effects are not large. The implementation of a nonlinear approach with
the associated computational overheads and lengthy development time was therefore judged
to be unwarranted. Secondly, the cascaded SISO linear system has a high degree of inher-
ent robustness with respect to uncertainties in the flight dynamics model and can be simply
implemented.

It might be considered that the simplest way of controlling the aircraft would be to have the
controllers manipulate the aerodynamic control surfaces and engine thrust directly. This may
be true, and it was the way that the Mirage III-O Manoeuvre Controller [37, 47] was designed.
However, the disadvantage of this approach is that for an aircraft with elaborate control systems,
the resulting aircraft responses would not be representative of those achievable by a pilot since
the response lags introduced by the control system are not present in the response. Theoretically,
the pilot’s control movements necessary to achieve the resulting manoeuvre could be computed
by inverting the mathematical representation of the control system. However, this would
involve determination of multiple derivatives of the control surface time histories, which is
mathematically undesirable. This process is also likely to produce control stick movements
which would not be reproduceable by pilots due to their physiological speed and power
limitations. These aspects were not particularly important for the Mirage III-O since it had
a relatively unsophisticated control system, consisting primarily of control surface actuators
driven by mechanical linkages from the pilot’s controls through a pitch damper. However, the
control system on the F-111C is one of the most elaborate yet developed for a military aircraft,
and since one of the primary aims of the F-111C Manoeuvre Controller Program is to determine
the control stick and throttle movements that would need to be made by the pilot in order to
perform the required manoeuvre, the control strategy utilised in the program is to have the
controllers manipulate the pilot’s controls. If this were not the case, there would be little point in
modelling the control systems at all. The one disadvantage of manipulating the pilot’s controls
is that the system being controlled is of a higher order, a factor which can potentially cause
significant problems in control design with regard to stability and tuning of the closed loop
system.
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3.2 Controller designs
3.2.1 Angle of attack controller

The angle of attack controller manipulates the longitudinal stick position to force the aircraft
model to follow an angle of attack reference signal produced by a manoeuvre generator. The
structure of the angle of attack controller is fundamentally that of a linear proportional-integral-
derivative (PID) nature, being composed of conventional proportional-integral (PI) error feed-
back loops, with derivative action provided directly by the feedback of the rate of change of
angle of attack a.

Figure 7 shows the configuration of the angle of attack controller. Its input is the reference
angle of attack, a,.f, produced by the relevant manoeuvre generator. This is compared with
the angle of attack output from the aircraft mathematical model to produce the tracking error
signal. This tracking error is acted upon by the proportional gain K,,, and an integrator with
gain K.
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Figure 7: Angle of attack controller

The rate feedback loop passes & from the aircraft mathematical model through the rate feedback
gain K,,. The three feedback signals are then summed to give a longitudinal stick demand
position. This demand is truncated by the stick limiter to keep the demanded longitudinal stick
position within its valid range of -1 to 0.64. The resulting signal is used to drive the longitudinal
motion of the aircraft mathematical model.

Because of the control input limitations, a phenomenon called integral wind-up can occur when
the longitudinal stick demand is saturated at either of its limits. The stick demand may strike
the limit due to the demanded manoeuvre being beyond the capabilities of the aircraft. Aslong
as this situation prevails, the tracking error will be nonzero and will continue to be integrated
by the integral gain K. This is called integrator wind-up, and if not curtailed, the result will be
that an unrealistically large input will be demanded when the tracking error does eventually go
to zero, resulting in a dramatic overshoot in aircraft angle of attack in the opposite direction. This
is prevented by implementing a simple anti-integral windup procedure which involves placing
saturation limits on the integrator state. This is represented in Figure 7 by the integrator limiter.
In order to keep the effect of the integrator within the scale of the longitudinal stick position
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that it generates, the upper and lower saturation limits of the integrator are set to 535 2 and 7

respectively, where the integral gain K, is negative. These limits constrain the extreme control
demands due to the integrator alone to be between the longitudinal stick position saturation
limits, that is, between -1 and 0.64.

3.2.2 Altitude controller

The altitude controller forces the aircraft to follow an altitude reference trajectory through
control of the longitudinal aircraft motion by manipulating the longitudinal stick position. The
schematic representation of the controller in Figure 8 shows that it is of proportional-derivative
(PD) type with climb angle feedback. The proportional and derivative gains K}, and Kj, act
upon the altitude error between the altitude reference signal and the altitude achieved by the
aircraft model.
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Figure 8: Altitude controller

The climb angle feedback loop with gain K} is included to give additional damping during
manoeuvres involving a change in altitude, while allowing the proportional gain to be increased
to improve the speed of response without reducing the stability of the closed loop. Since
the climb angle is approximately the rate of change of altitude divided by the true airspeed

(v = &), the feedback of this parameter provides consistent damping across a broad range of
true airspeed, while the value of the gain remains essentially speed independent. The feedback
signal is summed with the PD signal to form a preliminary control signal that is sub]ect to
further compensation to account for bank angle.

Use of an altitude controller which operates via the aircraft pitch motions is subject to a potential
problem when the aircraft is performing turning manoeuvres. If a controller with fixed gains
is used for all turning manoeuvres, the influence of the controller will diminish as the bank
angle of the aircraft tends towards +90°, since its axis of activity z, becomes orthogonal to the
axis z. in which altitude is defined. This would result in progressively larger altitude errors as
the steady state bank angle of a turn increases, until altitude is no longer controllable through
the longitudinal stick position. To overcome this, an add1t10na1 variable gain is introduced
which amplifies the preliminary control signal by the factor ¢ . This factor retains the
same control influence for all commanded bank angles. Its vahdlty has been established for
reference bank angles up to 75.5°, corresponding to a 4g turn, throughout the subsonic flight
envelope. It is unlikely that turns of normal acceleration greater than 4g would be required,
and unlikely that they would be achievable by the aircraft. A maximum bank angle reference
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of 75.5° corresponds to a maximum gain multiple of 4.

The reference bank angle signal is used to formulate this gain in preference to the actual aircraft
bank angle for two reasons. Firstly, if the flight bank angle was used, there could be a risk that
the gain could become undesirably high if the aircraft roll response overshot to a bank angle
between £80° and +90° (¢ = £90° would give infinite gain). Secondly, this would also subject
the loop to additional nonlinear feedback effects, for which stability could not be guaranteed.

The demanded longitudinal stick movement is subject to the same truncation procedure as in the
case of the angle of attack controller to keep it within its physical limits. However, anti-integral
windup is not necessary in this case since there is no integral effect in the controller.

3.2.3 Climb angle controller

The climb angle controller manipulates the longitudinal stick position to force the aircraft model
to follow a reference climb angle trajectory. The controller is of PI form with damping provided
by feedback of the rate of change of the climb angle.

Figure 9 shows a schematic representation of the climb angle controller. The proportional and
integral gains, K,, and K, respectively, act upon the climb angle error signal, which is the
difference between the reference climb angle signal and the climb angle fed back from the
aircraft mathematical model. The integrator output is limited to prevent integral wind-up. The
upper and lower limits of its output are Ig % and -~ respectively, where K., is negative. These
values ensure that the integrator alone cannot demand a longitudinal stick pos1t10n outside the
physical limits of the longitudinal stick.

KY& -
Y
STICK —
+ A LIMITER | Olon AIRCRAFT Y
Ky FILTER |- | MATHEMATICAL .
4 MODEL

INTEGRATOR
LIMITER

Figure 9: Climb angle controller

Damping is achieved by direct feedback of the rate of change of climb angle from the aircraft
model, through the gain K.,.. The resulting signal is summed with the PI component to give a

preliminary longitudinal stick position demand §;,,,. This preliminary demand signal is passed
through a second order Butterworth filter to remove high frequency demands which would be
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beyond the dynamic capabilities of the F-111C in pitch. The filter has transfer function

2
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—_— 17)
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where the natural frequency is w, = 27 and the damping factor ( = 717 This is implemented
digitally at 60 Hz as

S1om (k) = 1.85226,05 (k — 1) — 0.86238;0p, (k — 2) + 0005217810, (k — 1) + 0.0049663,5, (k — 2) (18)

where the arguments k,k — 1 and k — 2 indicate the current and previous two values of the
variables respectively. The output of the filter is further processed by a stick limiter to keep the
longitudinal stick position within its physical limits. The resulting signal is used to drive the
longitudinal motions of the aircraft model.

3.2.4 Bank angle controller

The bank angle controller in the Mirage III-O manoeuvre controller program [37, 47] was a PI
based design with direct roll rate feedback to provide damping in the response. However, in the
F-111C Manoeuvre Controller Program it was found that error derivative feedback provided
faster, better damped, and more robust controller performance across the complete subsonic
flight envelope. A straightforward PID design was therefore adopted for control of the bank
angle. The controller schematic is shown in Figure 10.
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AIRCRAFT
LMrTER | O 0
O X K, + K, +5K,, - 8t | MATHEMATICAL -
) ’ e MODEL

Figure 10: Bank angle controller

The instantaneous difference between the reference bank angle ¢,.s and the aircraft mathemat-
ical model bank angle ¢ constitutes the tracking error. This is acted upon by the proportional
gain K, an integrator with gain K4, and a differentiator with gain K. The three components
are summed to give a lateral stick position demand. This demand is passed through a stick
limiter which truncates the demanded signal to conform with the physical range of the lateral
stick position (-1 to 1). The resulting signal is used to drive the rolling motions of the aircraft
model.

Although acting on a type 1 system® [11], the chosen PID control structure acting on bank
angle is essentially equivalent to a PI controller acting on roll rate (a type 0 system®) with
additional external steady state control of bank angle. This induces similar well behaved
tracking characteristics as achieved by the angle of attack controller.

SA type 1 system produces a steady state response in the derivative of the system output in response to a step
input.
6A type 0 system produces a steady state response in the system output in response to a step input.
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3.2.5 Velocity controller

The velocity, or more correctly, the true airspeed controller, is a PID design as shown in Figure 11.
It controls the true airspeed of the aircraft model by manipulation of the throttle lever. A true
airspeed tracking error is formulated by comparing the true airspeed of the aircraft model with
the reference true airspeed signal. The tracking error is acted upon directly by the proportional
gain K, its integral is acted upon by the integral gain K, and its derivative by the derivative
gain K, to form a throttle lever demand 4,..

THROTTLE
V. + o; PROFILE AIRCRAFT Vv
f4>O——>- Ky +Ky 5Ky, - -~”| MATHEMATICAL -
- e ’ MODEL

Figure 11: Velocity controller

The throttle lever demand 4, is resolved into a valid throttle lever position demand within the
aircraft model by the process described in Section 2.2.5, which is represented in Figure 11 by
the throttle profile. The throttle profile prevents the controller from demanding thrust levels
from the engines which lie between the valid thrust ranges coinciding with the five after-burner
rings. The throttle profile also implements the throttle rate limit discussed in Section 2.2.5.

The controller may give rise to chattering in the control demand due to the nonlinearity in-
troduced by the throttle profiler. The resulting variations in throttle lever demand are small
and are not filtered. In reality, such behaviour could be prevented by implementing a finite
(time) hold on the throttle demand while in the after-burner range, based on some acceptability
criterion relating the demanded throttle position to the held throttle position. Such a procedure
would result in temporarily larger true airspeed tracking errors than will be achieved by the
current implementation in the program. It could also result in limit cycle behaviour under the
influence of the controller.

3.2.6 Normal acceleration control

Several of the manoeuvres discussed in Sections 4 and 5 are specified in terms of normal
acceleration, and ideally a dedicated normal acceleration controller is desirable for controlling
these manoeuvres. However, attempts to design a dedicated normal acceleration controller
have so far failed to achieve the desired response speed with sufficient damping and stability.

This first attempt was intended to make use of the strong relationship between angle of attack
and normal load factor. The approach taken was to adopt a control structure based on the angle
of attack controller shown in Figure 7 with the proportional and integral gains scaled by the
trim angle of attack, while retaining angle of attack derivative feedback. The control law

bion(t) = Kor, Ban(t) + Ko, [ Aon(t)dt + Ko, 62 (19)
was implemented with the gains computed as K,,,, = ba,,, Ko, 0trim, Ka,,, = ba,, Ka;Ctrim and

Ko, , = ba,, Ko, where the factors by, , ba,, and ba,, were included to allow empirical adjust-
ment of the response characteristics. This approach was intended to give products in the normal
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acceleration control law which were of similar magnitudes and had similar properties to the
equivalent products in the angle of attack controller control law. The resulting controller was
successful. However the responses to the normal acceleration reference trajectories did not dis-
play sufficient speed, had significant overshoot, and were insufficiently damped. Adjustment
of the responses through manipulation of b, ,, ba,, and b, failed to resolve these difficulties
without inducing instability. The required response characteristics were not achievable via this
control scheme since the inherent gain limit imposed by the unstable zero in the open loop
transfer function between normal acceleration and longitudinal stick position prevents the use
of high gains. This method was therefore not included in the program.

Two alternative indirect methods have been implemented for normal acceleration control. The
desired method may be chosen when the program is executed. The first of these involves a
steady state analysis of the pitch control system loop (Equations 1, 4, 5, and 6) to arrive at the
following steady state relationship between normal acceleration and longitudinal stick position:

(o= cosrOeo0dl) (4

6lon(t) = 75 V(t)

(20)

The cosy(t) cos ¢(t) component of this expression accounts for the diminishing effect of the
gravity vector on the lift vector as the climb angle and bank angle approach £90°, while the %
component incorporates the steady-state pitch rate effect which is inherent in the pitch control
system feedback signal.

Although open loop, this method gives excellent prediction of the ratio of longitudinal stick
displacement per g in steady state and therefore gives accurate steady state response with no
overshoots apart from those resulting from the natural dynamics of the aircraft. That is, there
are no controller induced overshoots or lowly damped oscillations. However, because it is
determined from a steady state analysis of the control system loop, it does not predict transient
stick movements required to give fast tracking of trajectory transients and accordingly, results
in transient response lags. These lags are associated with the rate of normal acceleration onset
only and may or may not be significant, depending upon the manoeuvre. The transient lags
have been counteracted for generalised manoeuvres by the introduction of a lead-lag filter. This
feature is elaborated upon in Section 5.2.

The second alternative implements the angle of attack controller to track an angle of attack ref-
erence trajectory that is approximately equivalent to the desired normal acceleration reference
trajectory. The angle of attack reference, a;.f, is computed from the relevant normal acceler-
ation reference trajectory, a,,,,, based on the assumption that the angle of attack and normal
acceleration are linearly related. The approximate angle of attack reference trajectory is given

by

Viri
Qref (t) = Qn, o (t) ('é(g )2 (atrim - azl) + oy (21)
where a,; = —0.6° is the approximate zero-lift angle of attack, and the multiplier involving the

instantaneous true airspeed ratio ‘—/‘%gk compensates for departures from the trim true airspeed.
This second method has the advantage that it has a very fast and well damped response to the
reference trajectory due to its use of the angle of attack controller, but has the disadvantage that
the magnitude of the normal acceleration response only approximates the reference because of
the intermediate angle of attack reference trajectory approximation. However, the inaccuracy
is normally bearable. If greater accuracy is required, then the magnitude of the initial reference
trajectory specification may be altered to produce an acceptable response.
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Further efforts to develop a dedicated normal acceleration controller may be made in future
versions of the program using a different controller design.

3.3 Controller tuning

The aim of the tuning process for each of the controllers was to achieve the highest possible
response speed (minimum response time lag), while retaining sufficient damping in the re-
sponse to guarantee stability of the closed loop. Unrealistic aircraft responses are prevented by
ensuring that reference trajectories are physically achievable by the aircraft.

To tune the controllers, the Ziegler-Nichols [48] method was used to give initial estimates of the
gains, with further fine tuning achieved by simulating manoeuvres, until the responses were
acceptable. The Ziegler-Nichols method gives estimates of the required gains based on the step
response of the open loop system. Figure 12 shows a typical response of the aircraft model to a
unit step input. The estimates of the closed loop gains are based on the response gain g, and
the response parameters a,, and ¢,, where ¢, defines the response time lag, and a,, /%, is an
indicator of the response speed.

0q

m

Output response

fy

Figure 12: Typical open loop step response

A normalised response magnitude a* = a,, /g, is introduced to nondimensionalise the response
parameters if the response to a unit step input was not unitary. The Ziegler-Nichols estimates
for the closed loop gains are given in Table 5 for several controller types.

The Mirage III-O manoeuvre controller program was designed with fixed controller gains.
These were maintained for all flight conditions encountered by its aircraft mathematical model.
In the F-111C Manoeuvre Controller Program, the controller gains have been scheduled, their
values being dependent upon the wing sweep angle and the flight conditions prevailing at
the commencement of the manoeuvre to be controlled. There are a number of reasons for
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Controller Gain
Type K,| K; | K4
P X

PI il

N R T

Table 5: Ziegler-Nichols closed loop gain design estimates

implementing such a scheme. Firstly, although the aircraft flight control systems are intended
to produce relatively constant handling qualities as flight conditions change, there remains
some variation in the handling qualities across the flight envelope, particularly as the dynamic
pressure g increases. In addition, the natural dynamic modes of the airframe vary considerably.
Secondly, having fixed gains means that if the controller performance is optimised at a particular
flight condition, the controller performance at other flight conditions will be sub-optimal due
to the variations in the aircraft dynamics. By scheduling the controller gains according to the
prevailing flight conditions, the controllers can be tuned to achieve optimal performance at all
flight conditions. Scheduling according to wing sweep also accounts for the variation in the
aircraft dynamics due to reconfiguration of the airframe. Thirdly, because the order (degree)
of the aircraft dynamic system including the control systems is high, closed loop stability is
easier to ensure if the controllers are attuned to the prevailing flight conditions, and hence to
the current dynamic characteristics of the system.

Although scheduled, the gains are fixed at their values determined according to the flight
conditions prevailing at the commencement of each manoeuvre. This is done for two reasons.
Firstly, if the gains were allowed to evolve as the flight condition changes, they would in-
troduce additional dynamics into the system which may prove to be problematic. Secondly,
significant additional computational effort would be required. This means that the controllers
will perform slightly sub-optimally as the flight conditions vary during a manoeuvre. These
variations are, however, usually small. The controllers have sufficient robustness to account for
the flight condition variations encountered during typical manoeuvres. Nevertheless, manoeu-
vres involving large flight condition variations should be designed with care, and with these
factors in mind. Manoeuvres that present problems in this regard may be broken into smaller
manoeuvres to allow the controller gains to be reset to suit the new flight conditions.

Each of the controllers is scheduled with gains designed and tested for subsonic flight condi-
tions. If supersonic flight is encountered, the gains will be extrapolated. Since the program is
not intended to model manoeuvres accurately in the supersonic region of the flight envelope,
the performance of the controllers in the supersonic region is not guaranteed.

The default closed loop controller gains, which may be overridden, are presented in Table 6.
Parameters used to schedule the gains include the wing sweep angle, altitude (expressed in
thousands of feet), Mach number and the dynamic pressure. ¢ is the prevailing dynamic
pressure at the commencement of the manoeuvre, while the factor § = 522A (Pa) is a threshold
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| Gain || Schedule criteria Gain schedule | Effective range |

K., - -0.306
Ko, - 11.358
Ko, - 0.086
Kp, G > G (where § = 522A) -0.004

otherwise —0.004G/4 -0.004 to -0.00155
Kn, _ -0.0104
K, i>4 0.012

otherwise 0.012g3/4 0.00465 to 0.012
K,yp - -0.113M -0.113 to -0.0452
K, | A<35°,M>049+001A | —5.65M2/(87.0 — 0.75A + M?h)

otherwise —5.65M2/(58.8 + M2h) -0.0961 to -0.0116

v A < 35°, M > 0.49 + 0.01A | 0.0493 — 0.00042A + 0.000565M2h

otherwise 0.0331+0.000565M2h 0.0331 to 0.06135
K, - 20.025
K, - ~0.004/M -0.01 to -0.004
K,, - 001
Ky, = 05
Ky, - 02
Ky, - 0.0001

Table 6: Closed loop controller gains

dynamic pressure beyond which the relevant gains are held constant. The value of § reflects a
dynamic pressure below which the airframe responsiveness becomes more sluggish, warranting
different controller gains. The dynamic pressure at which this occurs increases with wing sweep
angle.

The gains relating to the velocity controller are highly tuned to give a true airspeed response
perhaps more rapid than would be required of a pilot performing the same manoeuvre. This
is because the response of the aircraft to throttle position changes is slow relative to other
controller influences due mainly to the thrust to mass ratio being small compared to the lift to
mass ratio, and to control limitations. The high performance tuning of this controller is partly
responsible for the chattering behaviour discussed in Section 3.2.5.

3.4 Manoeuvre controllers

The manoeuvre controller components of the F-111C Manoeuvre Controller Program are rou-
tines which implement and coordinate the state variable controllers according to the manoeuvre
being flown. They are responsible for the coordination of all the functions in the feedback loops
illustrated in Figure 6, throughout the simulation of the manoeuvres with which they are asso-
ciated. There is one manoeuvre controller for each discrete manoeuvre described in Section 4,
and one for each of the generalised manoeuvres of Section 5. Each manoeuvre controller is tai-
lored to the requirements of its particular manoeuvre, implementing only those state variable
controllers associated with the reference trajectory variables defining the manoeuvre. The state
variable controllers implemented by each of the manoeuvre controllers are set out in Table 7.
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The open circles indicate that the velocity controller implementation is optional and may be
replaced with either a constant throttle position (valid in all cases) or a throttle input profile
(only valid for some cases).

Controller
Manoeuvre alh|y]|o|V

Step change in throttle position
Acceleration/deceleration
Push-over/pull-up °
Pull-up .
Turn specified by a, or ¢ o o
Turn specified by « . .
Altitude change o
Dive and climb .
Altitude change and turn
Hook turn

General manoeuvre specified by V, ¢,and a,, | o
General manoeuvre specified by V, ¢, and h
General manoeuvre specified by X, Y, and h .

O O O € O O O e @ O O e

® Controller implementation is fundamental
o Controller implementation is optional

Table 7: State variable controllers implemented by manoeuvre controllers

For discrete manoeuvres, the manoeuvre controllers contain the manoeuvre generators which
generate the reference trajectory time history profiles from the manoeuvre design parameters
specified by the user. These parameters include maximum and minimum values of the refer-
ence trajectories, timing of periods of change, rates of change in reference trajectory values, time
delays before and between manoeuvres, and manoeuvre durations. The design of the reference
trajectories and the parameters required will be addressed for each discrete manoeuvre in Sec-
tion 4. Similar reference trajectory generation criteria are discussed for each of the generalised
manoeuvres in Section 5.

4 THE DISCRETE MANOEUVRE SUITE

The contract placed by ITD required the development of software which included manoeuvre
generators and controllers to fly the full six degree-of-freedom F-111C flight dynamics model
through a number of predefined manoeuvres. The suite of available manoeuvres has been
designed to allow the specification of manoeuvre sequences which truly represent the functional
segments of any complete flight. The manoeuvres may be chosen and time sequenced at the
beginning of program execution from a menu presented at the appropriate time during an
on-line interactive session with the user.

The suite of discrete manoeuvres available is as follows:

1. level flight step change in throttle position,
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. level flight acceleration/deceleration,

. push-over/pull-up,

pull-up,

level turns specified by normal acceleration or bank angle,
. level turns specified by angle of attack,

. altitude change,

. dive and climb,

W 0 N G s W N

altitude change and turn, and

hook turn — a 180° turn to reverse heading onto the initial ground track.

=
©

Each of these manoeuvres is described in detail in this section. The reference trajectories for
any manoeuvre are either state variables or auxiliary variables, such as normal acceleration,
as dictated by the objectives of the manoeuvre. These variables are described in section 2.2
which discusses the structural and parametric representation of the aircraft dynamic system.
Normally the reference trajectories will be physical quantities such as true airspeed, altitude or
others representing the orientation, attitude or location of the aircraft.

The design of the reference trajectories for each manoeuvre takes into account the physical
limitations of the aircraft. Control limitations are imposed to prevent normal acceleration and
speed (or Mach number) limits being infringed. Manoeuvres requiring a change in altitude
have been designed so that thrust requirements do not exceed the performance capabilities of
the aircraft. However, it is taken for granted that the user will be reasonably familiar with the
capabilities of the aircraft, and accordingly, will not specify a manoeuvre that is not physically
achievable, such as a constant speed climb at a climb angle at which the aircraft has insufficient
thrust to maintain constant speed.

Depending on the degree (relative degree [21]) of the dynamic subsystem required to track
the reference trajectory, the reference trajectory will normally be generated as a step or ramp
function which may be filtered to a suitable degree in order to achieve sufficient smoothness.

If manoeuvres are sequenced, due consideration must be given to the transfer between manoeu-
vres at the specification stage. As a rule anew manoeuvre will commence at the flight condition
at which the previous manoeuvre concluded. Therefore, in the specification of one manoeuvre,
the user must design the end of the manoeuvre to place the aircraft in a suitable flight condi-
tion to commence the next manoeuvre. For example, if a climb/dive has been specified, the
user must ensure that the aircraft is returned to level flight if the following manoeuvre is to
involve a level flight acceleration/deceleration. If such factors are not taken into account, the
results of transfers between particular manoeuvres (depending upon the circumstances) may
not be smooth, and may excite harsh dynamic responses due to discontinuities in the reference
trajectories or their derivatives at the changeover points.

4.1 Level flight step change in throttle position

This manoeuvre enables post-trim in-flight thrust changes in preparation for subsequent ma-
noeuvres such as climb, dive or altitude change manoeuvres, in which a single pre-emptive
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throttle movement is preferred to active control of airspeed. The realistic modelling of pilot
behaviour would be a typical circumstance requiring this manoeuvre to be invoked, where a
discrete throttle movement may be made in preparation for say a weapon delivery, pull-up or
climb. Step changes in throttle lever position may be specified in terms of either a percentage of
the throttle position value at the commencement of the manoeuvre or as an absolute change in
the throttle lever position. Level flight is maintained throughout the manoeuvre by the altitude
controller described in section 3.2.2 which forms a control loop between the aircraft altitude
and the reference altitude, this being the aircraft altitude at the commencement of the manoeu-
vre. Altitude control is achieved by manipulation of the longitudinal stick position, producing
the required movement in the horizontal stabiliser position via the action of the pitch control
system.

The design of the manoeuvre involves the specification of the following:

e whether an absolute or percentage change in throttle lever position is desired,
e the magnitude or percentage change in the throttle lever position Ad,,,

e the duration t;, (s) for which the new throttle lever position is to be maintained,
e the time delay ¢, (s) before the throttle movement commences, and

¢ the manoeuvre duration ¢, (s).

Figure 13 shows a manoeuvre that has been generated to illustrate the design of the manoeuvre,
the nature of the aircraft response to the control inputs, and the performance of the altitude
controller. The figure shows a typical throttle step movement together with the manoeuvre
design parameters. The aircraft configuration, trim flight condition and manoeuvre design
parameter values used in the example are listed in Table 8.

General data Option
Aerodynamics database | Flight test
Units SI
Weapons drag index 0
Flight parameter Value
m 30000 kg
A 55°
Mirim, 08
htrim 2000 ft
Manoeuvre parameter Value
Ad, 1.282
173 20s
to 5s
tg 50s

Table 8: Throttle positioh step change manoeuvre specifications

The example illustrates the capability to return the throttle to its initial position after some
specified hold time. If it is desired that the throttle change be permanent, this may be achieved
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Figure 13: Manoeuvre 1 — Step change in throttle lever position.

by specifying a hold time which extends beyond the total manoeuvre duration. It is interesting
to note that sections of steady level flight may be achieved at any stage by specifying this
manoeuvre with zero throttle movement, or with a manoeuvre duration shorter than the time
delay before throttle movement (i.e. t; < t;). The irregularities visible in the longitudinal
stick position response in Figure 13 are due to the very small scale of the stick movements
necessary to maintain the specified altitude. At this scale, the effects of the discrete updates of
the aerodynamic parameters become apparent.

4.2 Level flight acceleration/deceleration

The level flight acceleration/deceleration manoeuvre is similar to the step change in throttle
lever position manoeuvre in that it can be used to increase and/or decrease airspeed, but
differs in that it is specified directly in terms of an airspeed change. This makes it a suitable
intermediate manoeuvre for changing flight conditions between other manoeuvres, as well as
being of particular use in flight test applications. In its entirety, the manoeuvre returns the
aircraft to its initial airspeed. However, an option is available which allows the choice of an
acceleration or deceleration only. A decrease in airspeed is achieved by specifying a negative
percentage increase in airspeed.

The manoeuvre utilises the altitude controller to maintain level flight while the velocity con-
troller described in section 3.2.5 is used to ensure that the true airspeed of the aircraft tracks
as closely as possible a ramp-up /ramp-down speed profile. Once again, the altitude controller
manipulates the longitudinal stick position to maintain the altitude at the value at which the
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manoeuvre commenced, while the velocity controller manipulates the throttle lever position to
achieve the desired velocity profile.

The actual velocity reference trajectory is generated by the filter
1 N
Vref= (_;__}_1) V;'ef (22)

where the preliminary reference function V;.; is a ramp up/ramp down function of magnitude
AV and duration t5. The ramp up and ramp down segments are of equal duration. The above
filter is implemented digitally at 60 Hz as

Vies (k) = 0.9917V;o (k) + 0.0083V; 5 (k). 23)

The resulting velocity profile is subject to the effects of full-scale deflection and rate limits of the
throttle lever. This may result in an acceleration which is insufficient to achieve the required
velocity increase due to insufficient thrust, or a deceleration which is insufficient because there
is too little drag. Deployment of the speed brake is not possible to assist deceleration in the
model as no aerodynamic data regarding its effectiveness are as yet available. Its effects have
therefore not been included in the aircraft mathematical model. Where problems occur due to
throttle saturation, the user may need to reconsider the design of the true airspeed reference
trajectory to realistically reflect both the aircraft capabilities and the needs of the application at
hand.

The design of the manoeuvre involves the specification of the following:

e whether an acceleration alone, or an acceleration/deceleration is desired,

the duration 5, (s) of the acceleration or acceleration/deceleration,

the percentage change in true airspeed AV,

the time delay ¢, (s) before commencing the acceleration/deceleration, and

e the manoeuvre duration ¢4 (s).

Figure 14 shows an example of an acceleration/deceleration manoeuvre, illustrating the ma-
noeuvre design parameters, the reference trajectories produced by the manoeuvre generator,
the aircraft responses, and the controller performance. The trim flight condition and manoeuvre
design data are given in Table 9.

The example manoeuvre has been chosen to illustrate the result of throttle lever saturation. It
will be noted that the true airspeed response of the aircraft model does not track the reference
trajectory well during the deceleration phase of the manoeuvre. This is because there is insuf-
ficient drag acting upon the aeroplane to give the required deceleration at the prevailing flight
condition with the engines at idle. It can be seen that the velocity controller has driven the
throttle lever position to its minimum position. This situation may be avoided by specifying
either a lower value of Ad,, or a higher value of the hold time ¢;, to demand a lower acceleration
and deceleration. However, the controller is robust to the saturation as shown by the rapid
throttle lever deflection and true airspeed response when the true airspeed eventually catches
up with the reference trajectory (after t3), to settle once again at the trim true airspeed. This
behaviour can therefore be merely tolerated or in fact used to advantage in manoeuvre design
since high accelerations can be achieved while the deceleration is dominated by the aircraft
drag.
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True Airspeed (m/s)

Throttle Lever Position

280.0

260.0

240.0

220.0
0.0

10.0

0.0
0

General data Option
Aerodynamics database | Flight test
Units SI
Weapons drag index 0
Flight parameter Value
m 25000 kg
A 45°
M trim 0.8
hirim 25000 ft
Manoeuvre parameter Value
Accel/Decel mode Accel/Decel
413 3Ms
AV 10 %
to 10s
tq 80s

Table 9: Acceleration/deceleration manoeuvre specifications

— Aircraft control inputs and response
— ~ _Reference trajectories
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Figure 14: Manoeuvre 2 — Acceleration/deceleration
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4.3 Push-over/pull-up

The push-over/pull-up manoeuvre is normally used to define rapid pitch-up or pitch-down
motions or both. This manoeuvre is principally of use in flight test applications such as those
involving the identification of aerodynamic parameters.

This reference trajectories for this manoeuvre may be specified in terms of either a change in
angle of attack or a normal acceleration profile. The manoeuvre may be performed either at
constant speed, in which case the true airspeed controller computes the required throttle lever
movements, or with either a step or a ramp throttle movement profile.

During the manoeuvre, the angle of attack of the aeroplane is forced to track the specified angle
of attack reference trajectory by an angle of attack controller. This senses the departure of the
aircraft from the given reference trajectory and generates a corrective input to the longitudinal
stick, which in turn manipulates the stabilators through the pitch control system and the elevator
demand. If the constant airspeed option is chosen, the true airspeed is controlled by the velocity
controller by manipulation of the throttle lever position. Otherwise, the specified throttle lever
input profile is followed.

The design of the manoeuvre involves the specification of the following:

o whether the manoeuvre is to be flown at constant true airspeed or with a discrete throttle
movement. In the latter case, the following parameters must be specified;
— whether to use a step change or ramp change in throttle position,
- the magnitude of the change in throttle position Ad,,.,
— the time delay ¢, . (s) before throttle movement,
— the throttle rise time t,,. (s) (minimum 0.5 seconds for a step change),

o whether the manoeuvre is to be specified in terms of a change in angle of attack or in
terms of normal acceleration extremes,

e the positive (negative) change in angle of attack A« (°) or maximum (minimum) normal
acceleration a,,, .. (g) (an,,.., (g)) to be achieved in the push-over/pull-up (pull-up/push-
over),

e the rate of change of angle of attack (°/s) or normal acceleration (g/s),

e the duration t;, (s) of each steady state offset in the reference angle of attack or normal
acceleration profile,

e the time delay ¢, (s) before commencing the push-over/pull-up, and

e the manoeuvre duration tg4 (s).

The manoeuvre specification involves the definition of a preliminary ramp doublet angle of
attack reference signal &,y composed of a constant rate ramp down to a steady value asyim — A
which is held for the assigned hold time. This is then followed by a constant rate ramp up to a
steady state value o4rim + Ao which is maintained for the same hold time, before the angle of
attack reference is returned to the trim value. The corner points of the ramp doublet are defined
by the commencement time, the steady state elevated value of angle of attack, the hold time,
and the rate of change of angle of attack.
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If the manoeuvre is specified in terms of normal acceleration, the resulting normal acceler-
ation will only approximate the reference normal acceleration magnitude specified since the
manoeuvre is actually flown by controlling angle of attack. A preliminary normal accelera-
tion reference trajectory an,,, is defined, from which a preliminary angle of attack reference
trajectory is calculated from

Gref () = bn,.; () 0trimVigim/V (1), (24)

This incorporates compensation for the loss or gain in lift (normal acceleration) due to true
airspeed variations. The preliminary normal acceleration reference trajectory ay,,, is a ramp
doublet composed of a constant rate ramp down to a steady value 1 — (a,,,, — 1) which is
held for the assigned hold time. The value of a,,,  is set equal to the value of ay,,,, for a
push-over/pull-up or a,,,,, for a pull-up/push-over. This is followed by a constant rate ramp
up to a steady state value a,,,, which is maintained for the same hold time, before the signal is
returned to a value of 1. In this case the ramp doublet is defined by a,,,_, the hold time, and
the rate of change of normal acceleration.

Since the reference trajectory determined in this manner is an approximation, the normal
acceleration limits may therefore be exceeded. As a precautionary measure, upper and lower
bounds are imposed on the longitudinal stick position. These bounds are formulated from the
upper and lower normal acceleration limits according to the relationship

— (anlim — cos (t)) 8grd
Stomp () = — - (4 + 3 (t)) . (25)

Equation 25 is determined from a steady state analysis of the pitch control system augmentation
loop, Equations 14,5, and 6, in the same manner as Equation 20.

It is desirable that the reference trajectory has a certain degree of smoothness to avoid undesir-
able overshoots at the corner points of the preliminary reference trajectory. Therefore, in order
to generate the actual reference trajectory oy, the preliminary reference é.y is passed through
a first order filter with a corner frequency of 2 rad/s:

2
Qref = maref- (26)

This filter is implemented digitally at an integration frequency of 60 Hz as
Qref(k) = 0967205 (k — 1) + 0.03286,¢5 (k) (27)

where the argument k denotes the value of the variable at the current instant in time, and k£ — 1
denotes its value at the previous discrete time instant.

The physical significance of each of the design parameters is illustrated in Figure 15, which
shows a manoeuvre specified in terms of an angle of attack change. The design parameters ay,, .
and ay,,,, for the equivalent manoeuvre specified by normal acceleration are also indicated. The
design parameters specified for the example manoeuvre are given in Table 10. The example
manoeuvre is shown in Figure 15, and was generated with a fixed throttle lever position.
However, the design parameters associated with the specification of a throttle movement profile
are described in Section 4.4 for the pull-up manoeuvre, for which the same manoeuvre design
parameters are used.
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General data Option
Aerodynamics database Flight test
Units SI
Weapons drag index 0
Flight parameter Value
m 30000 kg
A 35°
Mtrim 0.6
" hirim 15000 ft
Manoeuvre parameter Value
Throttle control mode | Constant throttle position
A, 0 (zero step input)
tor Os
trp 05s
Aa 5.5°
o' 3°/s
th 4s
to 2s
tq 20s

Table 10: Push-over/pull-up manoeuvre specifications
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Figure 15: Manoeuvre 3 — Push over/pull up
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44 Pull-up

The pull-up manoeuvre is very closely related to the push-over/pull-up manoeuvre and is
generated and controlled by the same program components. The manoeuvre can be specified
in terms of either an angle of attack change or the maximum normal acceleration to be reached.
The manoeuvre differs from the push-over/pull-up in that it consists of only one half of the
push-over/pull-up manoeuvre, although it is designed using the same specifications listed in
Section 4.3. It is principally used to define flight test manoeuvres, weapon delivery manoeuvres
such as a bomb toss, or air combat manoeuvres. The reverse manoeuvre, a push-over, may be
requested by specifying a lower limit to the normal acceleration or a negative angle of attack
change.

General data Option
Aerodynamics database Flight test
Units basis SI
Weapons drag index 0
Flight parameter Value
m 25000 kg
A 45°
Mtrim 0.8
htrim 1000 ft
Manoeuvre parameter Value
Throttle control mode | Throttle ramp input
Ad, 7.21
tor 3s
trT 3s
Onmor 4g
G, 2g/s
th, 7s
to 5s
tgq 20s

Table 11: Pull-up manoeuvre specifications

A manoeuvre is shown in Figure 16, illustrating the relationship of the design parameters to the
reference trajectories. The manoeuvre was created using the specifications listed in Table 11.
Note that the angle of attack response of the aircraft model is considerably below the angle of
attack reference demand. This reference signal was computed from the normal acceleration
specifications by the method described in Section 4.3, and obviously over-estimates the angle
of attack change required to give the desired normal acceleration. The longitudinal stick
limit given by Equation 25 is implemented by the manoeuvre controller associated with this
manoeuvre in order to give the correct normal acceleration. The normal acceleration response
shows that the longitudinal stick limiter performs well in giving a maximum acceleration almost
exactly as required. The behaviour of the stick limiter can be seen as the truncated section in
the longitudinal stick response during the time period between 6 s and 14 s. The effect of the
velocity ratio used in Equation 24 is shown in Figure 16 by the gradual decrease in the minimum
longitudinal stick limit and the gradual increase in the angle of attack as airspeed is lost in the
pull-up.
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Figure 16: Manoeuvre 4 — Pull up
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4.5 Level turns specified by normal acceleration or bank angle

In any realistic flight simulation, it is essential to have the capability to perform steady level
turns. Such a manoeuvre is useful for general flight modelling, and more specifically for flight
test and evaluation manoeuvres involving the collection of aerodynamic loading and drag data.

In this manoeuvre, turns are defined in terms of either the steady state normal acceleration ay,,,
or steady state bank angle ¢;,. The difference is only cosmetic since a specified acceleration is
converted to a bank angle for the turn via the relationship

¢ss = arccos (al ) (28)
MNss

with the sign of ¢, corresponding to the turn direction, that is, negative for left or positive for
right. The criterion for termination of the turn can be either a desired duration of the turn, or a
desired change in heading.

The design of the turn manoeuvre involves the specification of the following:

o whether a right or a left turn is required,

o whether the criterion for terminating the turn is the heading angle to be reached or the
duration of the turn,

e the heading change A% (°) during steady state banking or the banking duration ,; (s),
e whether the turn is to be specified by bank angle or normal acceleration,

o the steady state bank angle ¢, (°) or the steady state normal acceleration a,,_, (g) at which
to turn,

e the time delay ¢, (s) before commencing the turn, and

e the manoeuvre duration ¢4 (s).

Since the turn is steady and level, the true airspeed is held constant by a velocity controller which
manipulates the throttle lever position. The normal acceleration, which was either specified or
corresponds to the specified bank angle for the turn, is achieved by implementing an altitude
controller, which manipulates the longitudinal stick position as a function of the departure of
the aircraft altitude from the trimmed altitude at the commencement of the turn.

The bank angle is controlled by the bank angle controller by manipulation of the lateral stick
position. The reference bank angle trajectory is generated by a second-order critically-damped
filter. The natural frequency of the filter was chosen to give a maximum roll rate into or out of
the turn which is consistent with both the maximum bank angle to be reached in the turn, and

with the maximum roll rate capability of the aeroplane. The reference trajectory is given by
wa

(s +wn)(s +wy)

bref (s) = é;ref (s) (29)

where the natural frequency w, = 1.5 rad/s. This filter is implemented digitally at 60 Hz

integration frequency as

bref(k) = 1.9506¢,¢7(k — 1) — 0.9512¢c 5 (k — 2) + 0.0003048, 5 (k — 1) + 0.0003048q3¢ef(k -2).
(30)
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The input ¢, is a square wave input of two sequential steps coinciding with the roll into the
turn and the roll out of the turn. A typical filtered reference trajectory is shown by the dashed
bank angle time history in Figure 17.

If the turn is to be terminated when a prescribed change in heading is achieved, it is necessary
for the program to predict the point at which to commence the roll recovery back to a wings
level state which brings the aircraft onto the desired final heading after the turn is complete.
As this phase is subject to the unpredictable coupled dynamics in the lateral motions of the
aircraft, and since the whole turn is performed by depending on the altitude controller to
give the correct normal acceleration and hence turn rate, the open loop nature of this task
will rapidly lead to errors in heading both during and after the turn unless further closed loop
augmentation is implemented. Accordingly, correction of heading drifts has been implemented
by first generating an ideal reference heading function and then augmenting the bank angle
reference trajectory to compensate for any departure from the ideal heading angle trajectory.
The ideal reference heading function is modelled by

J! A tang(t)dt while $(t) < § — 0.2 rec

";re f = (31)

P thereafter

where the integrand in Equation 31 is the instantaneous turn rate, 9/ is the desired final heading
angle, and 1., the heading change predicted to occur during the roll recovery, is approximated
by
10 g —wnt —Wwnt

Yrec = 0 VO tan(dss(e™“" + te79nt))dt, | (32)
where the integrand is the instantaneous turn rate during the recovery, accounting for the
exponentially reducing bank angle. The preliminary heading angle reference is then filtered to
give the heading reference trajectory as

2

s+ w:;zs + wn)njjref (s) (33)

'lpref(s) = (

where that natural frequency w, = 1.5 rad/s. This filter is implemented digitally at 60 Hz
integration frequency as ’

Pref(k) = 1.9506¢ 7 (k — 1) — 0.9512¢r (k — 2) +0.0003048%¢ 7 (k — 1) +0.0003048, ¢ (k — 2).
(34)

Closed loop tracking of the heading angle is then achieved by empirically augmenting the bank
angle reference trajectory

Pref(t) = Gres(t) + 0.1 arctan(Pres (t) — %(t)) (35)

where the argument of the arctan function is evaluated in degrees. This augmented bank angle
trajectory is then used as a reference to be tracked by the bank angle controller.

Equation 35 induces nonlinear augmentation of the bank angle reference with an increment of
up to 9°. For example, a 1° heading error will induce a 4.5° of bank angle augmentation, while
a 10° error will induce 8.4° of augmentation. The augmentation function was designed to have
sufficient authority to correct departures from the heading reference without causing extreme
bank angles which would make altitude tracking difficult, and without causing unrealistically
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high normal acceleration responses. All integrals are implemented using a fourth order Runge-
Kutta integration algorithm.

Figure 17 shows an example manoeuvre and the reference trajectories used to generate it. The
figure also relates the design parameters listed above to the shapes of the reference trajectories.
The example manoeuvre was generated using the configuration, flight conditions, and design
parameter data given in Table 12. The figure shows the reference heading angle trajectory used
in the formulation of the bank angle augmentation. The effect of the augmentation can be seen
in the bank angle trajectory, and its corrective action ensures that the specified final heading
angle is achieved.

General data Option
Aerodynamics database | Flight test
Units SI
Weapons drag index 0
Flight parameter Value
m 25000 kg
A 35°
Mtrz'm 0.8
hirim 1000 ft
Manoeuvre parameter Value
Turn direction Right
Ay 90°
Qng 4g
to 3s
tq 30s

Table 12: Turns specified by normal acceleration manoeuvre specifications

4.6 Level turns specified by angle of attack

Turns specified by angle of attack change are an unusual requirement, but are most likely to be
needed in flight test situations for either aerodynamic analysis or systems assessment.

The design of the manoeuvre involves the specification of the following:

o whether a right or a left turn is required,
¢ the increase in angle of attack A« (°),

e the rise time ¢, (s) for the angle of attack to reach the steady state value for the turn and
the fall time ¢ (s) taken to return to the trim value on completion of the turn (the fall time
must not be less than the rise time),

e the hold time ¢, (s) for which the steady state elevated angle of attack is to be maintained
(excluding the rise and fall times),

o the time delay ¢, (s) before commencing the turn, and
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Figure 17: Manoeuvre 5 — Level turn specified by normal acceleration or bank angle
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e the duration t; (s) of the manoeuvre.

The manoeuvre involves increasing the angle of attack by the increment A« at a specified
rate, holding the new angle of attack for the specified hold time ¢, and then returning to
the trim angle of attack asm. This preliminary angle of attack reference trajectory is passed
through the first order filter defined in Equation 26 to achieve a suitable level of smoothness
in the reference trajectory. The aircraft is forced to track the resulting angle of attack reference
trajectory, o¢ 5, by the angle of attack controller, through manipulation of the longitudinal stick
position. Meanwhile the true airspeed is held constant by the velocity controller.

The bank angle is forced (by the bank angle controller) to track a reference trajectory which is
generated from

Qref (t)

where the ratio of the instantaneous reference angle of attack to the trim angle of attack is used
to approximate the instantaneous normal acceleration. The true normal acceleration cannot
be used to generate a bank angle reference trajectory because this would introduce additional
nonlinear feedback for which stability could not be guaranteed.

Pref(t) = arccos ( Strim ) (36)

General data Option
Aerodynamics database | Flight test
Units SI
Weapons drag index 0
Flight parameter Value
m 25000 kg
A 26°
Mtrim 0.6
htrim 10000 ft
Manoeuvre parameter Value
Turn direction Right
Aa 6.6°
tr 1s
tf 2s
173 10s
t, 3s
tq 20s

Table 13: Turn specified by angle of attack manoeuvre specifications

A manoeuvre generated with the configuration, flight condition and manoeuvre design data
in Table 13, is illustrated in Figure 18. This manoeuvre has an angle of attack increase of 6.6°
during the turn above the trim angle of attack of 3.3°, representing a turn of approximately
3g. It can be seen from the figure that the normal acceleration reaches a steady-state value of
only approximately 2.7g. This highlights the fact that the altitude response of the aircraft in
this manoeuvre is open loop. The altitude decreases rapidly after an initial increase due to
the steady state normal acceleration being less than sulfficient to achieve a steady level turn.
Although the nature and purpose of this manoeuvre do not necessarily require an accurate
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Figure 18: Manoeuvre 6 — Level turn specified by angle of attack
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steady altitude response, this open loop nature needs to be borne in mind by the user when
specifying this manoeuvre.

4.7 Altitude change

Altitude change manoeuvres allow smooth transitions between altitudes. The altitude change
can be either an ascent or a descent with the user being responsible for the speed at which
the change is made, as defined by the maximum or minimum normal acceleration at which to
commence the pull-up or push-over into the climb or dive respectively.

The manoeuvre can be flown at either constant true airspeed or constant throttle lever setting.
Constant airspeed is achieved by employing the velocity controller to regulate airspeed. The
altitude change is achieved by using the altitude controller to force the aircraft to follow a
specified altitude reference trajectory by manipulating the longitudinal stick position, subject
to a number of constraints.

The altitude reference trajectory is generated by taking the step response of a second order criti-
cally damped filter, with the natural frequency tailored to give the specified normal acceleration
at the commencement of the pull-up or push-over, subject to the limitation that there must be
sufficient excess thrust available to achieve a constant velocity climb if that option was chosen.
If the constant velocity altitude change option was chosen, then the natural frequency of the
filter is chosen to conform with either the maximum available climb rate in the specified flight
condition, or the requested normal acceleration, whichever is the limiting factor. The reference
trajectory produces a response that asymptotically approaches the target altitude, while achiev-
ing 95% of the required altitude change within a realistic manoeuvre time. The manoeuvre
realistically represents a true altitude change manoeuvre, reflecting both the normal load factor
and the maximum climb rate capabilities of the aircraft.

The altitude reference trajectory is generated by the filter

U es() 37)

res(s) = $2+ 2wps +wz
where the preliminary reference h,¢(s) = Ah/s is a step input of magnitude Ah, which is the
desired change in altitude.

Two contenders are considered for the natural frequency of the filter, reflecting the potential
limitations imposed by the normal load factor, and the maximum available climb rate. The
former reflects the maximum vertical acceleration that will result during the reference altitude
change. This is determined from the second derivative of the time domain response of the
filter. The natural frequency is chosen such that the maximum (or minimum) vertical acceler-
ation conforms with the specified limiting normal acceleration an,,, (maximum for a climb or
minimum for a descent) for the manoeuvre, as follows:

a. n 1
ey = \/ fetie A1 (3)

The natural frequency corresponding to the maximum climb rate limitation is formulated such
that the first derivative of the time domain response of the filter conforms with the maximum
available climb capability of the aircraft in the given flight condition. This is a function of the
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aircraft mass m, the excess thrust (the difference between the required thrust in trimmed flight
Tyrim and the maximum available thrust T, at the current altitude), and the true airspeed V:

— KTV(Tmaz - T;trim)e

T mgAh (39)

Wn,

The empirical adjustment factors K,, and K, are included to allow for the difference between
the actual aircraft response (which is affected by response time lags and induced drag) and
the ideal response required by the reference trajectory. Their values were determined via
experimental simulations and assigned as follows:

K,, = 13 (40)
0.90 for k< 10000 ft

K, = 0.85 for 10000 ft < h < 20000 ft (41)
0.80 for A > 20000 ft.

Once the two natural frequency contenders have been computed, the smaller value is chosen
as the natural frequency for the filter, reflecting the slower response, commensurate with the
relevant limiting factor.

With the reference trajectory as given in Equations 37 to 41, the normal acceleration limits
should not be exceeded. However, as a precautionary measure, upper and lower bounds are
imposed on the longitudinal stick position according to the Equation 25.

The design of the manoeuvre involves the specification of the following:

e the change in altitude Ah (ft) (negative for a descent),
¢ the maximum normal acceleration ay,,,, (g) during the pull-up,
¢ the minimum normal acceleration a,,,;, (g) during the push-over,

e whether the altitude change is to be performed at constant velocity or constant thrust
(constant throttle position). If constant velocity:

— whether an upper limit is to be placed on the throttle lever position, and
— the value of the throttle position upper limit,

e the time delay ¢, (s) before commencing the altitude change, and

e the manoeuvre duration ¢4 (s).

If the manoeuvre is to be flown at constant true airspeed, that is, with the true airspeed controller
engaged, then an option can be taken to place an upper limit on the throttle lever position to be
achieved during the manoeuvre. This facility has been included because in normal operational
flight, a pilot will generally restrict throttle movements to the military thrust range to minimise
fuel burn. Accordingly, the user may specify a throttle position limit of 5 for military thrust, or
any other desired limit (see Section 2.2.5). If an upper limit (other than the default maximum
of 15) is placed on the throttle lever position, the altitude reference filter natural frequency
contender associated with the available thrust, as formulated in Equation 39, is computed with
a value of Ty corresponding to the maximum available thrust at the specified throttle position
upper limit.
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Figure 19 shows a typical altitude change manoeuvre, together with the altitude and true
airspeed reference trajectories. The configuration, flight condition and manoeuvre design data

used to specify this manoeuvre are listed in Table 14.

General data Option
Aerodynamics database Flight test
Units S1
Weapons drag index 0
Flight parameter Value
m 30000 kg
A 50°
Mirim 0.8
htrim 1000 ft
Manoeuvre parameter Value
Ah 4000 ft
Onmas 4g
Onmin Og
Throttle control mode | Constant velocity
Throttle lever limit Default (15)
t, 4s
tq 40s

Table 14: Altitude change manoeuvre specifications

4.8 Dive and climb

This manoeuvre has been designed to allow the definition of individual dive or climb manoeu-
vres or combinations of both in either order. The manoeuvre differs fundamentally from the
altitude change in that dives and/or climbs can be as long as desired, but defined by a steady
state flight path (climb or dive) angle.

Dives and climbs are specified by the dive and /or climb angles and the maximum and minimum
normal accelerations to be exerted during the pull-up and push-over. In addition, the extent
of the dive and/or climb is defined by specifying the minimum and maximum altitudes to
be flown during the manoeuvre. The manoeuvre generation accounts for altitude gained or
lost in pull-ups and push-overs such that the minimum and maximum altitudes specified are
achieved as closely as possible.

The design of the manoeuvre involves the specification of the following:

e whether the manoeuvre is to be flown at constant true airspeed or to use a throttle
movement defined by the following:

- whether to use a step change or ramp change in throttle position,
- the magnitude Ad,. of the change in throttle position,

— the time delay ¢, (s) before throttle movement, and
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Figure 19: Manoeuvre 7 — Altitude change
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— the throttle rise time ¢,,. ‘(s) (minimum 0.5 seconds for a step change),

whether to perform a dive or climb or both,

— if both, whether to dive and then climb or vice versa,

the dive angle ymin (°),

the climb angle Ymqz (°),

o the minimum altitude An;y (ft) to be reached during the pull-up recovery from a dive,

¢ the maximum altitude A, (ft) to be reached during the push-over recovery from a climb,
¢ the maximum normal acceleration a,,,,, (g) to be experienced (during a pull-up),

e the minimum normal acceleration a,,_,;, (g) to be experienced (during a push-over),

the time delay ¢, (s) before commencing the initial climb or dive, and

the manoeuvre duration ¢4 (s).

The climb angle reference trajectory is generated by a second order critically damped filter. This
results in the flight path angle exponentially approaching the specified steady-state climb and
dive angles. The natural frequency of the filter is given by

w?

=—7 4 42
32+2wns+w,21%ef(s) ( )

Yref(s)
where the preliminary reference ¥,.7(s) consists of a step doublet for each of the climb and dive
segments, with magnitudes Yo and ymin respectively. The natural frequency of the filter is
chosen so that the maximum rate of change of the flight path angle (the first derivative of the
time domain response of the reference trajectory filter defined in Equation 42) is consistent with
the specified maximum and minimum normal load factors for the climb and dive respectively.
For a climb segment of the manoeuvre, the natural frequency of the filter is computed as

K, (on,,, —1)g
— n mazx 43
3679V (Ymaz — ,) (43)

Wn,

where v, is the flight path angle which exists before the aircraft enters the climb. Similarly, for
a dive, the natural frequency is computed as

K, (an,.,.. —1)g
w o n min . 44
" 0.3679V (Yimin — 7o) 44

The empirical factor K,, = 1.3 has been introduced to account for the natural time lags in the
aircraft response, and to tune the response of the aircraft to meet the input specifications.

Bringing the aircraft back to steady wings-level flight at the end of the manoeuvre is performed
by whichever of Equations 43 or 44 is relevant, with s OT ymes replaced by zero.

At the end of a climb (dive), the dive (climb) or level-out that follows is commenced at a point

Ahrec below (above) the specified maximum (minimum) altitude. The quantity Ak, is given

by

V2(1 — 08 Ymaz)
(a‘nma:t - ]')g

Ahye, = (45)
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for recovery from a climb, or

V2(1 — COS Yrmin) (46)
(@npmin — 1)8

for recovery from a dive. It represents the altitude gained or lost during the ensuing recovery

to level flight or entry into the next dive or climb segment. Pre-empting this altitude increment

ensures that the aircraft achieves the specified maximum and minimum altitudes as closely as

possible.

Ahrec =

Although the reference trajectory designed according to the above development will in theory
generate the specified normal accelerations, an additional hard limit on the longitudinal stick
position has been implemented according to Equation 25 to ensure that the specified normal
acceleration limits are not violated.

General data Option
Aerodynamics database Flight test
Units SI
Weapons drag index 0
Flight parameter Value
m 25000 kg
A 45°
Mtrim 0.8
Ptrim 15000 ft
Manoeuvre parameter Value
Throttle control mode | Constant velocity
Throttle lever limit None
Dive/climb mode Climb/dive
Ymin -25°
Ymaz 20°
hmin 20000 ft
hmag 25000 ft
Onmazx 4g
Anmin Og
t, 10s
t4 100 s

Table 15: Dive and climb manoeuvre specifications

Figure 20 shows an example climb/dive manoeuvre designed with the configuration, flight
condition and manoeuvre design data listed in Table 15. This also shows the relationships
between the design parameters and the reference trajectories. The operation of the hard limits on
the longitudinal stick position can be seen as the flat sections at the extremes of the longitudinal
stick travel.

4.9 Altitude change and turn

The altitude change and turn manoeuvre allows the user to specify a single manoeuvre combin-
ing the features of the altitude change manoeuvre of Section 4.7 and the level turn manoeuvre
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Figure 20: Manoeuvre 8 — Dive and climb
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of Section 4.5. The only restriction regarding the phasing of the two components is that the
turn must begin after the altitude change has commenced. Unlike level turns, this manoeuvre
permits specification of a constant throttle position throughout the manoeuvre, consistent with
the pure altitude change manoeuvre of Section 4.7.

The generation of the altitude reference trajectory is the same as for the altitude change ma-
noeuvre. The bank angle or normal acceleration trajectory and the heading trajectory are as
described in Section 4.5. Closed loop heading tracking is ensured by augmenting the bank
angle reference trajectory as for the level turn (see Section 4.5).

Limits are imposed on the longitudinal stick position to ensure that the specified normal accel-
eration limits are not violated. This is done in a similar way to that described in Section 4.3
(Equation 25) except that the diminishing effect of the gravity vector on the longitudinal be-
haviour of the aircraft due to banking must be accounted for. The full expression of the
longitudinal stick limit is

G (0) = —22im =L 02 ) (7). @)
Imposing these limits is especially important in the altitude change and turn manoeuvre because
the specification of a banked turn which coincides with the pull-up phase of the altitude change
can briefly cause a condition in which a higher normal acceleration is required to achieve the
reference trajectories than is permitted by the specified normal acceleration limits. A throttle
lever upper limit may be specified for this manoeuvre, as discussed in Section 4.7 for the altitude
change manoeuvre, to constrain throttle lever travel if desired.

The design of the manoeuvre involves the specification of the following information which
comprises the relevant components from each of the two separate manoeuvres:

e the altitude change Ah (ft),
e the maximum normal acceleration a,,_,,, (g) (during pull-up),
¢ the minimum normal acceleration a,,;, (g) (during push-over),

e whether the manoeuvre is to be flown at constant thrust (throttle position) or constant
airspeed. If constant airspeed:

~ whether an upper limit is to be placed on the throttle lever position, and
- if so, the value of the throttle position upper limit,

e the altitude h, (ft) to start the turn relative to the initial altitude (i.e. 0 < h, < Ah),
e whether a right turn or a left turn is required,

e whether the criterion for terminating the turn is the heading angle to be reached or the
duration of the turn,

¢ the heading change A (°) or the banking duration ¢, (s),
e whether the turn is to specified by bank angle or normal acceleration,

o the steady state bank angle ¢, (°) or normal acceleration a,,, (g) at which to turn. (Note:
@n,, OF equivalently m must be less than a,,,,. ),

the time delay ¢, (s) before commencing the turn, and

o the manoeuvre duration ¢4 (s).
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Figure 21 shows an example manoeuvre which incorporates a 4g pull-up from trimmed flight
to an altitude of 5000 ft. The configuration, flight condition and manoeuvre design parameters
are listed in Table 16. At an altitude of 2000 ft, a 3g turn through 120° heading change is
performed while climbing. The normal acceleration time history shows that the specified
normal acceleration limits are satisfied. The longitudinal stick position time history shows that
the stick limiting function has been activated accordingly.

General data Option
Aerodynamics database Flight test
Units SI
Weapons drag index 0
Flight parameter Value
m 30000 kg
A 45°
Mirim, 0.8
htrim 400 ft
Manoeuvre parameter Value
Ah 4600 ft
Anmaz 4g
Gnin Og
Throttle control mode | Constant velocity
Throttle lever limit None
h, 1600 ft
Turn direction Right
Ay 120°
Gnss 3¢
t, 12s
tq 80s

Table 16: Altitude change and turn manoeuvre specifications

410 Hook turn

The hook turn turn is a specialised manoeuvre, adapted from the Mirage III-O manoeuvre
controller program, which attempts to reverse the direction of flight of the aircraft, while
returning the aircraft to its initial path over the ground. This is achieved by commencing a turn
at a specified normal acceleration or bank angle, and in a specified direction, left or right. The
turning direction is reversed after a heading change of 90° is achieved, and is continued at the
same normal acceleration or bank angle until a further heading change of 270° is achieved in
the opposite direction to give a net heading change of 180°.
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Figure 21: Manoeuvre 9 — Altitude change and turn

57




DSTO-RR-0129

The design of the manoeuvre involves the specification of the following;:

o whether the initial turn is to be to the left or to the right,
o whether the turn is to specified by bank angle or normal acceleration,

the steady state bank angle ¢ (°) or normal acceleration a,,, (g) at which to turn,

the time delay ¢, (s) before commencing the turn, and

e the manoeuvre duration ¢4 (s).

The bank angle reference is generated by the same filter used in the level turn manoeuvre,
as defined in Equation 29, where the preliminary bank angle reference ¢,/ is a step doublet
of magnitude ¢,,. This is either the specified bank angle or is determined from the specified
normal acceleration as in Equation 28. Each segment of the step doublet is terminated when
the heading goals described above are achieved.

Due to the coupling effects excited in the lateral dynamics during recovery to wings level flight
at the end of the manoeuvre, the final heading may not be precisely reversed. It would be
possible to implement an augmented bank angle reference trajectory similar to that used in the
turn manoeuvre of Section 4.5 (Equation 35) to close the loop on the final heading. However,
no effort has been made to do so because this manoeuvre is the least used of the manoeuvre
suite.

Figure 22 illustrates an example hook turn manoeuvre generated with the configuration, flight
condition and manoeuvre specifications listed in Table 17.

General data Option
Aerodynamics database | Flight test
Units SI
Weapons drag index 0
Flight parameter Value
m 30000 kg
A 35°
Mirim 0.6
Rtrim 1000 ft
Manoeuvre parameter Value
Turn direction Left
Gng, 2g
t, 10s
t4q 100 s
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Figure 22: Manoeuvre 10 — Hook Turn
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5 GENERAL MANOEUVRES

In addition to the suite of in-built manoeuvres described in Section 4, three additional manoeu-
vre options are available which allow the user to specify a specialised manoeuvre in terms of
generalised spatial reference trajectory coordinates. The three available options permit spec-
ification of the manoeuvre in terms of flight time and any one of three reference trajectory
triplets:

e true airspeed V' (m/s), bank angle ¢ (°), and altitude h (ft);
e true airspeed V' (m/s), bank angle ¢ (°), and normal acceleration a,, (g); or

e Northward X, (m) and Eastward Y, (m) Cartesian spatial coordinates, and altitude A (ft).

The data are supplied to the program in the data file * track.dat’ in four column free format.
These manoeuvre specification options and the formulations of their reference trajectories are
described in detail in the following sub-sections.

It is feasible that the reference trajectories may be obtained from any of several sources. Possi-
ble sources of reference trajectory information include digitised flight plans, optimal trajectory
algorithms, or previously recorded flight paths from actual F-111C flights or from flights per-
formed in a simulator. In addition, previous output trajectories from the F-111C Manoeuvre
Controller Program or from the AOD F-111C Flight Dynamics Model may be used as reference
trajectories. Data may also be synthesised using interactive plotting packages (for example
[46]). However, there is a requirement that the degree of smoothness of the reference data must
be compatible with the degree (say n) of the dynamic subsystem that is required to track them,
in order to avoid unrealistic control input demands. Therefore the reference trajectory that is
created must have the dynamic characteristics of the output of an n th order system. In other
words, the first n derivatives of the reference trajectory must be continuous. For instance, since the
dynamic characteristics of the relationship between longitudinal stick position and altitude is of
degree n = 3, the first three derivatives of the reference signal must be continuous. Sufficiently
smooth reference trajectories can be created by passing raw data through a filter of sufficient
order. Such signal processing capabilities are available in most data handling and graphics
packages (see [46] for example).

An example manoeuvre has been designed to illustrate the relative performance of the manoeu-
vre controllers for each of the manoeuvre specification triplet options. The example consists of
a level turn commanded by normal acceleration followed by an altitude change and turn. The
manoeuvre was generated with the configuration, flight condition and manoeuvre specifica-
tions listed in Table 18. The manoeuvre was first generated as a sequence of the two discrete
manoeuvres described in Sections 4.5 and 4.9. These manoeuvres are specified in terms of bank
angle, altitude and true airspeed reference trajectories. Therefore the reference trajectories used
to define the three manoeuvre options in the following sections used the reference trajectories
generated for discrete manoeuvres where possible. In cases where the manoeuvre is specified in
terms of other reference trajectory triplets, for instance Cartesian coordinates, the correspond-
ing trajectories resulting from the simulation of the discrete manoeuvres are used as reference
trajectories.
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General data Option
Aerodynamics database Wind tunnel
Units SI
Weapons drag index 0
Flight parameter Value
m 30000 kg
A 26°
Mirim 0.7
htrim 400 ft
Manoeuvre 1 parameter Value
Turn direction Right
tss 18s
Cnss 3¢
t, 2s
tq 30s
Manoeuvre 2 parameter Value
Ah 2000 ft
Unmezr 4g
Gn,;., Og
Throttle control mode | Constant velocity
Throttle lever limit None
hy, 1000 ft
Turn direction Left
tss 18s
Ongs 2g
t, 1s
t4 50 s

DSTO-RR-0129

Table 18: General manoeuvre generation specifications for a level turn followed by an altitude

change and turn
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5.1 Specification by true airspeed, bank angle and altitude

In the study of operational manoeuvres, the two foremost flight variables considered as candi-
dates for manoeuvre definition are the true airspeed and altitude. In this manoeuvre, the true
airspeed is controlled by the velocity controller by manipulation of the throttle lever position,
while vertical motion is determined by the specification of an altitude reference trajectory and
controlled by the altitude controller via manipulation of the longitudinal stick position. The lat-
eral horizontal motions are determined by the specification of a bank angle reference trajectory
to be tracked by the bank angle controller via lateral stick position movements.

Although this may be the most useful manoeuvre specification system for relatively gentle
manoeuvres, it is subject to limitations, and may not be suitable for more vigorous manoeuvres.
The first restricts the aircraft bank angles to the range —90° < ¢ < 90° to avoid a singularity
condition. This singularity limitation arises because the axes in which the altitude reference
and the aircraft lift vector are defined are not always coincident, and are in fact orthogonal
when ¢ = +90°. When this occurs, the lift vector, which is the primary manoeuvring force, no
longer has any direct influence on the altitude. Manoeuvres which are likely to exceed these
limitations, such as any that involve bank angles outside this range, may be better modelled
by specification of the longitudinal motions in terms of normal acceleration as discussed in
Section 5.2. In fact any manoeuvre for which |¢| exceeds approximately 75° may reach a higher
than desired normal acceleration due to the sensitivity of the altitude controller when |¢| is
large. Accordingly, it is imperative that the user ensures that the reference altitude changes
which occur while |¢| is high are not extreme, and are achievable. Secondly, if a reference
trajectory is specified in terms of true airspeed, bank angle and altitude, the actual flight path
response of the aircraft model in terms of the Cartesian coordinates is open loop. Therefore,
the model is not guaranteed to reproduce any preconceived flight path. Any flight requiring
closed loop flight path tracking may be better modelled by specifying the reference trajectories
in terms of the Cartesian coordinates X, Y, and h, and implementing closed loop ground track
control as described in Section 5.3.

To illustrate a manoeuvre specified by true airspeed, bank angle and altitude, the reference
trajectories defining the flight composed of the discrete manoeuvres described in Table 18 have
been used. The control of the manoeuvre is performed as in the discrete manoeuvres, and by
the same controllers, except that the reference trajectories are being read from a file instead of
being generated concurrently. The responses shown in Figure 23 are therefore identical to the
responses resulting from the simulation of the discrete manoeuvres.

It can be seen that the bank angle and true airspeed responses are good. The altitude graph
shows that the maximum altitude error is of the order of 60 ft. The resulting ground track,
defined in terms of Northward and Eastward coordinates, is used as a reference trajectory for
the example manoeuvre of Section 5.3.

5.2 Specification by true airspeed, bank angle and normal acceleration

The specification of a general manoeuvre by true airspeed, bank angle and normal acceleration
allows much more flexibility in the types of manoeuvres that can be performed in comparison
to the manoeuvre specification described in Section 5.1. The three reference trajectory quantities
in this manoeuvre specification system and the influences of their respective control effectors
remain perfectly correlated under all circumstances and are therefore not subject to the same
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Figure 23: General manoeuvre specified by true airspeed, bank angle and altitude
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singularity conditions that occur when specifying the manoeuvre in terms of altitude. This
means that the bank angle and climb angle are free to evolve throughout their complete ranges
(—180° to 180°), thus allowing inverted and vertical flight, neither of which are possible when
using altitude as a reference for controlling the longitudinal dynamics of the aircraft model (see
the discussion in Section 5.1).

The bank angle is controlled via the bank angle controller. True airspeed may be controlled
through the true airspeed controller, or alternatively an option is available which allows the
specification of throttle step or ramp movements. Normal acceleration is determined indirectly
via the angle of attack controller or by direct longitudinal stick position prediction as described
in Section 3.2.6. If the normal acceleration is to be controlled via the angle of attack controller,
the normal acceleration reference trajectory is converted via the approximation of Equation 21
into an angle of attack reference trajectory. The imprecise nature of the conversion means that
the actual normal load factor achieved may not be quite as specified, although the angle of
attack will accurately track the angle of attack reference trajectory. Accordingly, the approach
normally taken when using this manoeuvre specification option is an iterative one. To achieve
the desired normal acceleration profile, a reference trajectory is prepared with a data processing
and presentation package such as Xmgr (Ace/gr) [46]. The program then simulates the flight
with the proposed input trajectory and the resulting normal acceleration response is compared
with the desired normal acceleration profile (as opposed to the reference trajectory). The
reference trajectory is then redesigned by increasing or decreasing the normal acceleration
values where necessary until the model response agrees with the desired response. The number
of iterations will depend upon the complexity of the manoeuvre and the accuracy required by
the user in matching the response to the desired normal acceleration profile.

Alternatively, if the normal acceleration is to be determined via the steady state longitudinal
stick position prediction of Equation 20, the response will usually follow the desired normal
acceleration magnitude with sufficient accuracy. However, insufficient transient response speed
resulting from the lack of transient stick position prediction and the time lags inherent in the
normal acceleration response of the aircraft, typically of the order of 0.6 s, may be of concern.
In order to minimise these effects, the normal acceleration reference trajectory may have to be
either advanced in time relative to the true airspeed and bank angle trajectories and /or the rate
of change of the reference signal may have to be increased where transients occur. This can be
done prior to program execution with a data processing package, or alternatively, options have
been included in the software which allow the user to either invoke a lead-lag filter to increase
the onset rates of the transients in the reference trajectory, or invoke a 0.6 s time advance on
the normal acceleration reference trajectory, or both. The lead-lag filter is primarily intended
to overcome the lack of transient prediction in Equation 20, while the time advance is intended
to account for the aircraft response lag. The time advance is only necessary if the objective
is to reproduce a previously flown or simulated manoeuvre accurately, since manoeuvres that
have been completely synthesised will normally have been designed to account for or pre-
empt the response time lag. However, accounting for the lack of transient prediction given by
Equation 20 is necessary in both cases.

The lead-lag filter increases the rate of change of the normal load factor reference trajectory
during rapid changes. Its effect reduces as the rate of change of the normal acceleration reference
decreases. It does not, however, shift the reference signal forward in time. The trajectory
specified in the input file " track.dat’ is treated as a preliminary reference trajectory ay,, ;e
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The new reference trajectory an,, , is the output of a lead-lag filter with the transfer function

s+0.5
a'nref (s) = -;+_—16anref(s)' (48)

This filter has been implemented digitally at 60 Hz as
an,; (k) = 13.6667é,,,, (k) — 13.0000é,,,, (k — 1) + 0.3333ay,,, (k — 1). (49)

In general, prediction of the required longitudinal stick position using Equation 20 is superior to
controlling the normal acceleration indirectly through the angle of attack controller. The latter
approach is more sensitive to variations in trim flight condition and changes in flight condition
during the manoeuvre, while the former approach is relatively independent of the changes in
the aerodynamics of the aircraft due to the influence of the pitch control system.

Whichever approach is used, the initial reference trajectory will usually generate a reasonably
good normal acceleration response which may be acceptable. Otherwise only a few iterations
should be necessary. If further iterations are necessary, a stepwise procedure should be em-
ployed, working along the manoeuvre in segments rather than making gross alterations to the
complete profile. This is because changing the early part of the manoeuvre will change the
latter parts due to the variations in instantaneous flight conditions. A profile which initially is
not satisfactory in the latter parts of the manoeuvre may well become so after the early part of
the manoeuvre has been refined.

If the manoeuvre to be modelled involves high bank angles thus forcing the manoeuvre to be
specified in terms of normal acceleration, but is otherwise aimed at achieving an altitude profile
or a ground track profile rather than a normal acceleration profile, then the iterative procedure
may become more protracted. Altitude may be particularly sensitive to normal acceleration
since small changes in normal acceleration, resulting in small changes in climb angle, can cause
significant changes in altitude. This is due to the velocity controller attempting to achieve the
specified reference velocity profile, hence altering the climb rate and altitude through the engine
thrust.

Figure 24 illustrates the manoeuvre described in Table 18 specified in terms of true airspeed,
bank angle and normal acceleration, where the normal load factor is controlled via the angle of
attack controller. The figure shows that despite the imprecision of the manoeuvre specification
method, the magnitudes of the specified reference trajectory and the actual response are effec-
tively related by a scale factor very close to 1 (i.e. an, = Aap,,, where A ~ 1). The scale factor
will of course be dependent on the flight condition since the angle of attack per g varies with
Mach number and altitude. The normal acceleration response from Figure 23 was used as an
initial normal acceleration reference trajectory, with further iterations aimed at improving the
altitude and ground track responses. Only slight alterations to the initial reference trajectory
were necessary between 12 and 23 seconds, and between 40 and 46 seconds, requiring four
further iterations. The normal acceleration, altitude and ground track responses compare well
with those shown in Figure 23.

Figure 25 illustrates the same example manoeuvre with the same reference trajectories, but with
the normal acceleration determined by the longitudinal stick position prediction of Equation 20.
The manoeuvre was performed using both the 0.6 s time advance, and the lead-lag filter to
pre-empt the aircraft normal acceleration response lag and to augment the transient normal
acceleration response. The responses shown in Figure 25 resulted from the first attempt to
perform the manoeuvre. Although further refinement of the input reference trajectories may
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Figure 24: General manoeuvre specified by true airspeed, bank angle and normal acceleration,
with normal acceleration determined by the angle of attack controller
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improve the altitude performance, comparison of the the trajectory responses with those in
Figure 24 suggests that further improvement may be unwarranted. Indeed experience has
proven this approach to be preferable in terms of efficiency.

5.3 Specification by Cartesian spatial coordinates

Specification of a reference manoeuvre via its Cartesian spatial coordinates allows the user to
define a flight or manoeuvre based on an intended ground track/altitude combination. Such
an exercise might be required for instance in a mission planning application to investigate
the aircraft behaviour associated with a particular route, or perhaps to repeat or reconstruct
a previous flight based on a known ground track/altitude combination. The purpose of such
an exercise might be to determine the evolution of aircraft states such as the attitude angles,
rotation rates, airspeed, incidence angles (o and §) and normal acceleration throughout the
flight, as well as to determine the control stick and control surface movements and thrust
variations required to achieve the desired manoeuvre.

The manoeuvre is specified as a generalised trajectory defined in terms of the Cartesian spatial
coordinates X, .(m) and Y, (m), being the Northward and Eastward locations with respect
to the starting point, together with the altitude h,.s(ft). The altitude is directly controllable
through the altitude controller. However, in order to make this manoeuvre achievable, the
preliminary reference trajectories X, , and Y., . must first be converted into reference states
which are directly controllable through the aircraft control system. Accordingly, X, , Ye,.;
and href(m) (=fmhres) are used to formulate reference true airspeed and bank angle trajectories
by first differentiating to give X, ” Y., s and Rref. A preliminary true airspeed reference is
then

=2
+ Byese (50)

V"ef = \/Xgref + Yezref
The objective in determining a bank angle reference trajectory is to align the net unbalanced
force vector acting on the aircraft with the instantaneous radius of curvature of the reference
flight path. This involves determination of the vertical and horizontal curvature components.
Initially the instantaneous pitch angle and heading angle of the flight path are computed from
consecutive points of the reference trajectories from

~

Orey = arctan

( Eref(k) — }_lref(k - 1) ) (51)
(Xrep(k) — Xrep(k —1))2 + (Yres (k) — Yres(k — 1))2)1/2

and

N _ Xref(k) - Xref(k - 1)
Yref = arctan ( Vet () Yoo (= 1) ) (52)

where £ denotes the current value, and k — 1 the previous value of each reference trajectory.

Differentiation then gives 6, and 1, 7 the rates of change of the flight path pitch and heading
angles respectively.

Due to the sensitivity of the differentiation process in determining the rates of change of both
the ground track velocity components and the flight path pitch and heading angle rates, they
are then passed through second-order Butterworth filters to smooth the irregularities in these
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signals. The filters are
Vyes(s) wn Vres (s) (53)
ref 2 + /25w, + w2 ref
Bref(s) = wh ; (s) (54)
ref 52 + ﬁwns +w721 ref
. (‘)721 “
"/)ref(s) "pref (S) (55)

52+ V2wns + w2

where w, = 7 has been used to give the required smoothness in the reference signals while
minimising the time lag introduced by the filters. These filters are implemented digitally as

Vies (k) = 1.8523V,e5(k—1)—0.8625V;s (k—2) +0.005100V¢ £ (k— 1) +0.005100V; 5 (k—2), (56)

with similar expressions for Ore #(k) and Pre 7(k).

The instantaneous vertical and horizontal components of the normal acceleration are deter-
mined from their physical relationships to the flight path angular rates,

ay = ere f Vre f +1 (57)
) g
an = f’_efjg‘_/}i{ (58)

The reference bank angle is then computed from these components:

¢ref = arctan <Z—h) . (9

(]

It should be noted that this transformation is sensitive to small rapid variations in the X ¢
and Y;.s coordinates. This arises because a small variation in the lateral component of the
resultant normal load factor may cause significantly large variations in the resultant bank
angle reference trajectory, due to the nonlinearity of the transformation in Equation 59. Care
should therefore be taken when preparing the reference trajectories, to ensure that the reference
trajectories are sulfficiently smooth, and that the manoeuvre is attainable by the aircraft. The
manoeuvre controller cannot force the aircraft model to follow a manoeuvre which the aircraft
is not physically capable of achieving. It is suggested that if a flight path is to be built from
discrete points along a ground track, the trajectories should be produced by using either a
smooth tension spline fit to the data or a regression fit of suitable order, preferably the former.
Alternatively, if a flight path from recorded flight data or from a previous simulation is used,
the computed reference bank angles, and the aircraft response to them, will reach higher
bank angle values than the aircraft behaviour that produced the reference flight path. It is
generally true that normal acceleration responses resulting from altitude control at high bank
angles will reach higher levels than those of the original flight or simulation. Thus this option of
program operation should generally be restricted to relatively gentle manoeuvres which require
a maximum normal acceleration no greater than 3g, in order to avoid exceeding the normal
acceleration limits of the aircraft, unless constraints are placed on the normal acceleration. The
placing of such constraints will be discussed in Section 5.3.2.
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5.3.1 Ground track augmentation

It should be noted that due to the transformation from Cartesian coordinates to bank angle
and true airspeed reference trajectories, the ground track of the aircraft becomes open loop.
That is, due to the difference between the bank angle and airspeed reference trajectories and
the respective aircraft responses, the ground track is subject to integration errors. Therefore
an’option has been included which allows closed loop tracking of the ground track reference
trajectory by augmenting the bank angle and airspeed reference trajectories with increments
that are dependent upon the departure of the aircraft ground track from the reference ground
track.

The augmentation functions are formulated from the Cartesian components AX and AY of
the error between the actual aircraft ground track and the reference ground track. These are
converted into distance error components Ad, and Ad; normal to and tangential to the aircraft
ground track respectively, through the coordinate transformations

Ad, = -AXsiny + AY cos®p (60)
Ad: = AXcosty+ AY sinq. (61)

Empirical augmentation functions have been devised based on a pseudo-true airspeed error
and a pseudo-heading error defined as

Ad,

AV = (62)
TV
_ Ad,
Ay = il (63)

where 7, and 7y are time based parameters, AV has units of m/s, and Ay is in degrees. The
velocity and bank angle reference trajectories are augmented by

Vief = Vies +0.05arctan AV (64)
bref = res +0.2c08? ¢yof arctan Adh. (65)

The reason for including the nonlinear arctangent functions is to weight the importance of a
departure from the reference flight path. That is, large corrective inputs are only generated
when this departure, represented by AV and A1, appreciably exceeds a threshold level. The
time based parameters 7, and 7, in Equations 62 and 63 are both set to a value of 10 s. Their
role is to set the threshold levels by, in the former case, normalising the tangential ground track
error with respect to 10 s of flight to give a reference airspeed augmentation, and in the latter
case, by normalising the normal ground track error with respect to the distance travelled by the
aircraft in 10 s to give a reference heading augmentation. This behaviour mimics the behaviour
of a pilot, who will not be concerned with the departure of the aeroplane from the intended
ground track until the departure exceeds some unacceptable level, at which time he/she will
take immediate and rapid corrective action.

The constant preceding the nonlinear term in Equation 64 is a weighting which sets the max-
imum airspeed reference trajectory augmentation to be 4.5 m/s. The constant preceding the
nonlinear terms in Equation 65 is a weighting which sets the maximum bank angle reference
trajectory augmentation to be 18° when the preliminary reference trajectory commands zero
degrees bank. The first nonlinear term (cos® ¢,¢s) in Equation 65 is designed to reduce the max-
imum bank angle augmentation as the value of the preliminary reference trajectory increases.
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This is necessary because the normal acceleration required to maintain altitude increases non-
linearly with the inverse of the cosine of the bank angle. The complete augmentation function
is designed to give bank angle augmentation of £1.125° in the vicinity of a nominal 75.5° (4g)
bank, +2° in the vicinity of a nominal 70.5° (3g) bank, and +4.5° in the vicinity of a nominal
60° (2¢) bank. In each case the augmentation limits are equivalent to £0.33g increments in the
normal acceleration.

5.3.2 Normal acceleration constraints

Characteristic lags and overshoots arise in the responses of the filters presented in Equations 54
and 55 that, if not curtailed, can lead to unrealistically high normal acceleration responses
from the aircraft model for short periods. In particular this occurs during periods of rapid
manoeuvring, principally during high-rate rolls to high bank angles. The extreme sensitivity
in normal acceleration is due to the nonlinear relationship between normal acceleration and
steady state bank angle (see Equation 28). If the overshoots are not curtailed, the temporary
high bank angles provoke an extreme response from the altitude controller in an attempt to
regain the altitude reference trajectory, resulting in unrealistically high normal load factors.

This behaviour has been dealt with by introducing an option selectable at the commencement
of the program execution, which sets two normal acceleration limits. The first is a normal load
factor limit ay,,,, thatis placed on turns. This limit is implemented in the form of a restriction
on the reference bank angle

) (66)

and is evaluated with a sign consistent with the turn direction, that is, with the same sign as a,,,, .
Whenever the absolute value of the filtered bank angle reference demand exceeds the specified
value of |¢ref,,.. |, the reference is truncated to have the same absolute value as |¢ref,.,. |-

|Pre fmaz| = arccos (

anturn

The second normal load factor limit a,,,,, is an overall limit that is used to prevent the in-
stantaneous normal acceleration from exceeding the specified value. This is implemented by
formulating a limit 4;,,,,, . on the longitudinal stick position by steady state analysis of the pitch
control system loop, as

6lonh-m (t) = -

e =Y 580 (70 &

75 V()

The value of this function, for any normal acceleration greater than cos y(t) cos ¢(t), is negative.
If the instantaneous longitudinal stick position demanded by the altitude controller is less than
this lower limit, the value of the stick demand is truncated upward to the value of the limit.
The specified overall normal acceleration limit obviously should be higher than the specified
turn normal acceleration limit (i.e. an,,,, > an;,,n)-

In order to demonstrate this manoeuvre specification mode and its options, the example ma-
noeuvre introduced in Section 5 has been repeated both with and without ground track aug-
mentation, and with and without normal acceleration limits. This serves to highlight the effects
of reference trajectory augmentation and normal acceleration limits both separately and con-
currently. The part of the manoeuvre to be noted in particular is the high rate roll to 3g at the
commencement of the manoeuvre, and the response of the aircraft model to the filtered bank
angle references (with and without truncation) which is manifested in the normal acceleration
and altitude responses.
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Figure 26 shows the initial Cartesian reference trajectories as well as the transformed reference
trajectories V;¢5 and ¢,.s. The simulations in this figure were subject to a normal acceleration
limit of 3g to limit the bank angle during turns, and an overall normal acceleration limit of
4g. Careful inspection of the bank angle reference trajectories shows the truncation of the
overshoot. The responses of the aircraft model to the control inputs required to track the
transformed reference trajectories show that the ground track achieved approximates the initial
reference ground track well. However, the open loop nature is evident toward the end of the
manoeuvre where the different heading angle results in the aircraft diverging from the intended
ground track. The second simulation illustrated in Figure 26 was performed with ground track
augmentation implemented. The augmented transformed V,.; and ¢,.s reference trajectories
are shown, the differences arising from the augmentation being evident. The response of the
aircraft to these reference trajectories shows that despite a small wandering of the ground track
during the first turn (due to the larger truncation in the bank angle reference trajectory to allow
for the reference bank angle increment introduced by augmentation), the overall ground track
response is good, and the closed loop nature induced by reference trajectory augmentation is
evident toward the end of the manoeuvre where the ground track response coincides with the
reference ground track.

Figure 27 shows the same initial reference trajectories from the reference manoeuvre. In this case
however the manoeuvre has been performed with both the turn and overall normal acceleration
limits set to 5g (imposed only to avoid stall and infringement of manoevre envelope boundaries),
and so the manoeuvre is effectively unconstrained. The responses of the aircraft model both
with and without ground track augmentation show considerable departure from the reference
ground track. This is principally because in responding to the bank angle reference trajectories
(the initial 3¢ turn had a maximum bank angle reference of 70.5°), the aircraft model bank angle
overshoots to approximately 79°. The altitude controller then induces a normal acceleration in
the region of 5g. The net result is that the curvature of the flight path in the horizontal plane at
the commencement of the manoeuvre departs significantly from the intended track. Without
ground track augmentation, the aircraft continues to depart with a fixed heading error from
then on. However, with ground track augmentation, track correction is occurring via maximum
bank angle increments. The response would eventually converge with the intended ground
track.

This manoeuvre was specifically chosen to highlight the potential problems that can occur with
this manoeuvre specification option. In general, with smoother manoeuvres and / or lower bank
angles and lower roll rates into banked turns, these aspects of the manoeuvre behaviour would
be less evident.

6 PROGRAM DESCRIPTION

6.1 Program organisation and flow

The F-111C Manoeuvre Controller Program has been written in ANSI Standard FORTRAN
77. The current state of the program sees it at the fourth recognisable version. Figure 28
illustrates the flow of program operations. The main program governs the flow and sequencing
of the program operations. It acquires the basic input data governing options such as whether
discrete or general spatial manoeuvres are to be flown, the databases to be used in determining
the aerodynamic forces, the type of units to be used for input and output data, and the drag
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Figure 26: General manoeuvre specified by Cartesian spatial coordinates and with an overall
normal acceleration limit of 4g
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index of any weapon load to be carried. It also acquires the aircraft configuration and flight
condition data with which to commence the simulation. These are the aircraft mass, wing
sweep, trim Mach number and the trim altitude. These data are used to access the aerodynamic
and propulsion databases to determine the aerodynamic and propulsive forces and moments
acting on the aeroplane in the trim condition and to initialise and trim the flight dynamics
equations according to the procedure detailed in Section 2.4. A routine is then invoked which
generates menus which prompt the user for the discrete manoeuvres to be flown, and the
correct sequence. For each discrete manoeuvre this routine prompts the user for the parameters
required to define the shapes of the manoeuvre reference trajectories as discussed in Sections 4.1
to 4.10.

After writing the trim flight conditions and state variables to the visual display, the program
enters a routine which flies each of the scheduled discrete manoeuvres in sequence, or flies a
general manoeuvre if specified. The routine is accessed once for each manoeuvre. This routine
coordinates all the activities associated with the simulation of a manoeuvre. It commences
by computing general parameters used to define the reference trajectory such as filter natural
frequencies, set points, signal maxima and minima, and their correct time sequences. A time
incrementing loop is commenced which at each time step implements the manoeuvre controller
routines, the state variable controllers, and the F-111C dynamic flight model. At each point
in time the manoeuvre controller routines generate the next point in each of the manoeuvre
reference trajectory time histories. The state variable controllers then compare the reference
trajectories to the aircraft model response trajectory to generate the next point in each of the
control stick and throttle command time histories. The F-111C dynamic flight model then
integrates the state equations to determine the state variable responses to the control inputs
determined. At each cycle through the loop, the dynamic flight model accesses the atmosphere
model which determines the prevailing atmospheric conditions. In addition, routines are
are called which interrogate the aerodynamics and propulsion databases to determine the
forces and moments acting upon the aeroplane. A fourth order Runge-Kutta [29] procedure
is implemented to integrate the system state equations and to compute the new state vector
and output trajectories. These new states and outputs are then used in the next iteration of the
integration loop to compute the control inputs at the next time instant. The state variables and
outputs are written to output files at the end of each cycle.

At the conclusion of each manoeuvre, the state vector is written to the visual display for the
user’s information and to allow monitoring of the progress of the flight.

6.2 Program input and output

The primary input to and output from the program is the interactive communication via the
computer keyboard and visual display. The only other input to the program, apart from the data
obtained from the databases, is from the file * track.dat . This file contains the flight time
(beginning at zero) and the reference trajectory triplets used to define the general manoeuvres,
as described in Section 5. The data are stored in ASCII form in a four column free format.

Output files generated by the program are:

flllc.all : ta V,a777 07 anaﬂa ¢7¢7X€w7Y.5w, h, 6'1‘, 6lona6lata Vrefs hrefaarefa

¢ref, Yrefs ,(pTef‘) 665 60.7 65
flllc.ct : C,
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flllc.dat : az,o,an,p,q,r,h,MyKa,ﬁ7p7q.7l’;797¢7 56a60767‘768a610n761ata57'

flllc.drag : t,Cq,C;

flllc.fpr : t,Xe,,Yey, Zey (ft), ¥, 0,0, B,V (kn), Vy, an, =300, (in),
3d1at (in), 26,44 (in), 8.6674,. (°),8.6674,. (°)

fllic.lat : t7¢3¢7ﬂ75lat9¢ref

flllc.long : ta,v,0,00n,0,

flllc.mass : t,m

flllc.xyz : t,V,6,,Xe,Ye, h.

Of the output files listed, the most useful file for post-flight analysis and presentation of tra-
jectory results is *£111c.all’, which contains time histories of all the state, control and
output variables from a single execution of the program. Files *£111c.long’, ‘f11lc.lat’
and ‘flllc.xyz’ contain the longitudinal, lateral and positional subsets of the state vector
information in *£11lc.all’, and are useful for longitudinal, lateral or navigational anal-
yses respectively. The data in all files are in ASCII form in multi-column free format, and
are amenable to graphical presentation via standard generic plotting packages such as Xmgr
(Ace/gr) [46].

The file *£111c.mass’ contains a time history of the aircraft mass, which reduces due to fuel
burn. This feature was initially included to aid in Pave Tack system assessments [19, 5, 20],
and has since proven to be an important capability when the program is used to simulate
long complex missions. The files *£111c.dat’ and *£11lc.ct’ contain control input and
response information that can be read by the AOD F-111C Flight Dynamics Model. This
model can then simulate the responses of the aircraft to the control inputs, which can then be
compared to those generated by the F-111C Manoeuvre Controller Program. These files were
initially produced to check that the two models generated the same flight trajectories from the
same control surface deflection and thrust coefficient time histories. The second parameter in
the file *fl1llc.dat"’ is set to zero, and replaces a measurand that the AOD F-111C Flight
Dymnamics Model program expects for comparison (for other purposes and from other sources),
but which is not generated by the AOD F-111C Manoeuvre Controller Program. The drag and
thrust data in file * £111c.drag’ were used to check the variation of thrust and drag during
operational manoeuvres. This file also provides a means of comparing performance data with
the AOD F-111C Flight Dynamics Model.

Thedatainfile * £111c. fpr’ may be used as input data to the AOD Graphical Replay Software
(GRS) [25]. This software was developed within AOD as a tool for visualising aircraft flight
trajectories, and is the primary tool used to visualise the trajectory results generated by the
F-111C Manoeuvre Controller Program. It allows aircraft flight trajectory information to be
displayed in real time as a three-dimensional animation. Images of the aircraft are displayed
together with a ground plane (including a grid for motion reference), sky, and fixed objects
such as buildings and runways. The aircraft flight can be observed from several viewpoints,
including a fixed point in space, a moving viewpoint which views the aircraft from a fixed
direction in space and remains a fixed distance from the aircraft centre of gravity, a wingman
view which places the viewer in the pilot’s seat of a chase plane, and a pilot’s view which places
the viewer in the pilot’s seat of the manoeuvring aircraft. The viewpoint and magnification
can be continuously updated by mouse or keyboard inputs while the program is running,
without delaying image generation. Flight condition and orientation information is displayed
via a representation of a HUD. Instruments displayed include an artificial horizon, turn and
bank indicator, heading indicator, angle of attack and sideslip indications, and control stick and
rudder pedal deflections. The flight variables contained in * £111c. fpr’ are used to define the
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movement and orientation of the aircraft image and the instrument indications on the HUD. The
control deflections are used to drive the control stick, throttle and rudder position indicators.
The conversion factors applied to d;n, djat, 0ruq and ;. in the output list for this file are used to
convert these variables from their working units in the F-111C Manoeuvre Controller Program
into the units basis expected by GRS. The GRS system is an invaluable tool for presenting the
trajectory results generated by the F-111C Manoeuvre Controller Program.

6.3 Database system

The aerodynamic and propulsive force and moment coefficients and derivatives discussed in
Section 2.3, and detailed in Appendix D, are extracted from database files at each time step
during program execution. The values of each of the coefficients and derivatives are dependent
upon a subset of the current values of the aircraft states, control surface and throttle positions,
flight conditions, aircraft configuration and mass. The subset of independent variables depends
on the nature of the particular coefficient or derivative concerned. These dependencies are
detailed in Table D1.

The databases accessed by the F-111C Manoeuvre Controller Program store data in the standard
format used by AOD for all aircraft flight dynamics and performance models [27]. Data are
stored in multi-dimensional arrays in ASCII form, which allows the data to be easily read by the
user. The dimensions of an array correspond to the number of independent variables specified
for the particular parameter. For example, the parameter C,,, = Cp,, (A, h, M, ) is stored as
a four dimensional array of data. The database software performs multi-dimensional linear
interpolation to determine the required value.

The aerodynamic and propulsion database files are:

f111fueldb.f18 : Thrust and fuel flow database sourced from [3],
f111latdb.f18  : Lateral aerodynamics database containing data obtained
from wind tunnel measurements [44, 32],
f111longdb.f18 : Longitudinal aerodynamics database containing data
obtained from wind tunnel measurements [44, 32],
f111toladb.f18 : Take-off and landing aerodynamics database containing
' data obtained from wind tunnel measurements [44, 32]
(not currently implemented),
flightlat.f18 : Lateral aerodynamics database containing data extracted
from flight test data analysis [17],
flightlong.f18 : Longitudinal aerodynamics database containing data
extracted from flight test data analysis [17].

The first of these files is the propulsion database, and contains data from the same source as the
F-111C flight performance manual [2]. The second and third files constitute the wind tunnel
database discussed in Section 2.3. The fifth and sixth files constitute the flight test validated
database discussed in Section 2.3. The fourth file constitutes the wind tunnel determined
take-off and landing database, which is not currently implemented.
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6.4 Program operation

At start-up, the F-111C Manoeuvre Controller Program prompts the user for the operation
information, configuration information and trim flight condition data discussed in Section 6.1.
Valid responses to each option are specified throughout the program. After the aircraft mathe-
matical model has been trimmed, the user is given an opportunity to modify the state variable
controller gains. The manoeuvre design data discussed in Section 4 are requested and entered
interactively by the user in sequence with the chosen discrete manoeuvres. Once these data
have been specified, the program enters its integration loops to simulate the specified flight.
The simulation flight time in seconds is continually displayed on the computer screen during
the integration of the flight path. In addition, flight condition reports are displayed on the
computer screen at the end of each manoeuvre. These data are supplied to inform the user of
the progress of the simulation, and to check that the intended flight path is being successfully
achieved. It also indicates whether the manoeuvre design data specified represented achievable
manoeuvres. :

As an example of an interactive session, Appendix E contains a transcript of the program
execution that was used to generate the reference trajectory for the example general manoeuvres
presented in Sections 5.2, 5.1 and 5.3.

7 CASE STUDY — VELOCITY BLEED-OFF DURING PULL-UP

In August 1992, DSTO was requested by the F-111C AUP Project Office to perform an analysis
of the velocity bleed-off undergone by an F-111C during 4g weapon delivery pull-ups subject to
a series of approach flight conditions, throttle profiles, and weapon release attitudes. This work
was required to assist the AUP in updating the Mission Computer (MC) predictions of the true
airspeed at the point of weapon release in order to improve weapon delivery accuracy. The task
was aimed at predicting the true airspeed lost between the moment the pull-up is commenced
and the time that the aircraft reaches the climb angle at which the MC is programmed to release
the weapon. The sensitivity of the speed loss to variations in the gross aircraft mass m, the
approach airspeed Vi, (or Mach number My,;,), and the drag index or equivalently the drag
coefficient increment C;, of the weapon load were assessed.

The aircraft configurations analysed all involved a wing sweep of 45° and an approach altitude
of 200 ft ASL. The test matrix requested by the AUP Project Office covered the configurations
given in Table 19. Each of the test points required simulation of the pull-up with each of the four
throttle movement profiles shown in Figure 29, and denoted as A, B, C and D. These profiles
involved movements in the throttle position prior to, at, and /or after the pull-up time ¢, as
indicated. In reality, only those throttle cases indicated in Table 19 were possible. Those which
are not included in Table 19 were not possible since the trim throttle setting required on the
approach already exceeded the trim throttle setting limitations indicated in Figure 29.

The results of the investigation for cases 1, 2 and 3 are presented in Figure 30. This figure shows
the change in true airspeed as climb angle is increased during the pull-up for each of the throttle
profiles listed in Table 19. For each approach airspeed the reduction in true airspeed loss is
evident as the thrust is increased. For throttle profiles C and D, the effect of the pre-emptive
4 second advance of the throttle to minimum after-burner is seen as a rise in the true airspeed
prior to any change in the climb angle. The initial increment of airspeed gained during this
period is sustained throughout the remainder of the manoeuvre in each case. Equivalent true
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Figure 29: Case study: velocity bleed-off throttle profile cases
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Case Approach configuration Throttle profiles

Aircraft mass (Ib) | Cy, | Virim (kn) {Mirim) analysed

1 60000 0.0 600 {0.907} B,.C,D

2 60000 0.0 540 {0.817) ABCD

3 60000 0.0 480 {0.726} ABCD

4 60000 0.01 600 {0.907} CD

5 60000 0.01 540 {0.817} B,.C,D

6 60000 0.01 480 {0.726} ABCD

7 80000 0.01 600 {0.907) CD

8 80000 0.01 540 {0.817} B,C,.D

9 80000 0.01 480 {0.726} ABCD

Table 19: Case study: velocity bleed-off test matrix

airspeed/climb angle trajectories are shown in Figure 31 for cases 4, 5 and 6, and in Figure 32
for cases 7, 8 and 9. Comparisons between the three figures illustrate the effect on true airspeed
loss during the pull-ups of increasing the drag due to the weapon load, and the effect of the
increase in the gross aircraft mass. Overall, increasing the mass of the aircraft appears to have
the most dramatic effect on the true airspeed lost during a pull-up.

8 CONCLUSION

The development of an F-111C Manoeuvre Controller Program has been described. The pro-
gram includes a number of interacting components. The first is a mathematical model of the
flight dynamics of the F-111C aircraft and its control systems, together with flight validated
aerodynamics, and a model of the propulsion system. Collectively this model computes aircraft
trajectories and dynamic responses to control stick and throttle movements. Secondly, a set of
state variable controllers and associated coordinating manoeuvre controller routines perform
closed loop control of the aircraft model, forcing it to track any number of manoeuvres which
are either selected from a set of discrete manoeuvres defined via an interactive menu system,
or generated by an external source. These routines compute the stick and throttle movements
necessary to track the manoeuvre reference trajectories.

Technical descriptions have been given of the aircraft model dynamic equations and aerody-
namic representation, as well as the state variable controller operation. A description of the
manoeuvre reference trajectory generation equations has been given, detailing the manoeuvre
definition data and their relationship to the form of each discrete manoeuvre. Generalised ma-
noeuvres have been described together with procedures for transforming their input trajectory
variables into controllable reference trajectories. An auxiliary external closed loop control has
been formulated to augment tracking of input trajectory variables where they are not directly
controllable.
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A description of the software, its architecture and its operation has been given. Examples have
been given of each of the available manoeuvre options to illustrate their form, to aid in the
design of new manoeuvres, and to exemplify the operation of the program. A case study has
been presented to demonstrate a practical application of the software.

Due to limitations imposed by the nature of the relationship between normal acceleration and
the longitudinal stick position of the aircraft, the design of a dedicated normal acceleration con-
troller has to date proven fruitless. Further effort may be made in the future to design a normal
acceleration controller via alternative methods. The indirect methods currently implemented
in the program to control normal acceleration, although not optimal, do however give good
performance.

The development of the F-111C Manoeuvre Controller Program has been motivated by a need
to determine the control inputs and aircraft dynamic motions which result in the aircraft fol-
lowing a desired reference trajectory. The approach is philosophically different from that which
motivates the use of a pure flight dynamics model where known input sequences are specified
and the resulting trajectories are are not intended to match any preconceived trajectories. The F-
111C Manoeuvre Controller Program makes the F-111C flight dynamics model more amenable
to the analysis of the aircraft dynamics and performance in an operational framework.
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Figure 30: Case study: velocity bleed-off with climb angle during 4g pull-ups for cases 1,2 and 3
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Figure 31: Case study: velocity bleed-off with climb angle during 4g pull-ups for cases 4,5 and 6
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Figure 32: Case study: velocity bleed-off with climb angle during 4g pull-ups for cases 7, 8 and 9
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APPENDIX A: AIRCRAFT FLIGHT DYNAMICS STATE REPRESENTATION

Form of system equations

& = f(z)+g(z)u (A1)
= h(z) (A2)

Aircraft dynamics state variable sub-vector z

| State variable | Symbolic notation | Description | Units |
1 o Angle of attack °
Z2 B Angle of sideslip °
z3 14 True airspeed m/s
T4 P Roll rate about body axes | rad/s
T q Pitch rate about body axes | rad/s
Zg T Yaw rate about body axes | rad/s
T7 ¢ Bank angle °
g 0 Pitch angle °
Tg P Yaw angle °
Z10 X, Northward coordinate m
T11 Y, Eastward coordinate m
T12 Ze Downward coordinate m
T13 Gn Normal acceleration g
T14 ¥ Climb angle °
50 bw Bank angle °©
Ts3 O Climb angle °
T54 P Heading angle °
Tss Xe, Northward coordinate m
Ts6 Yeu Eastward coordinate m
Ts57 Ze, OT h Altitude ft

Table Al: Aircraft dynamics state variables

Note: The state variables listed in Table Al are numbered according to their position in the
state vector z as implemented in the F-111C Manoeuvre Controller Program. Of these, z;3 and
z14 are not true states, that is, they are not integrated but are computed from other states as
alternative sources of information. The remainder of the state vector is associated with the
flight control systems and is discussed in Appendix C.

State equations

Angle of attack:
T, = 1g (;Eg—(cos Z1COS 7 €S Tg + sinz; sinzg)/ cos zo
3
. gSC, — T'si -0
+z5 — (2408 T] + TesinTy) tan zp + g5C; — T'sin(z, tl)) (A3)
TNT3 COS To
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Angle of sideslip:

o = T4 (_g_ (cos z1 sin 5 sin zg + cos T2 Sin T7 €os Tg — sin 1 sin o sin 27 cos zg)
z3
gS(Cy cos 9 — Cy sinzy) — T cos(zy — &y)

mxs

+(z4sinz; — z6cos 1) +

) @y

The angle & is the offset angle of the thrust line from the z; axis, in the z;, — z, plane (6; = 0°
for F-111C). Determination of T, the net thrust, is discussed briefly in Appendix D.

True airspeed:
Z3 = g(—cosz)coszosinzg + sin g sinzy cos g + sin ;1 cos To cos 7 COS zg)
+(gS(Cy cos 3 + Cysinzy) + T cos(zy — dy) cos z2) /m (A5)
Rotation rates:
4 = L, L+I,N (A6)
B5 = (Iz2(T6T6 — T424) + (Ioz — Inz) 46 + GSTCR) /Iy (A7)
g = IpzN+I,,L (A8)
where the coupling terms L and N are given by
L = Cyzszs+ (Cy — Cs)zsz6 + §SHC;/C) (A9)
N = —Cyzszs+ (C1 — Co)zaz5 + GSbCy/Ch (A10)

and the following inertial coefficients are formulated from the moments and products of inertia
introduced in Table 2:

Inertial coefficients:

Co = Inoly, — Iy Ie, (Al]-)
C; = Ixx/ Co (A12)
Co = Iyu/Cy (A13)
Cs = I,/Cy (Al4)
C’4 = Izz/ C’0 (A15)
Orientation angles of body axes:
7 = r4(x4+ (z5sinz7 + z6 cos 7) tan ) (Al6)
g = r4(z5c08T7 — TESINTT) (A17)
29 = rq((zssinzr + zg cosz7)/ coszs) (A18)

Location coordinates relative to a runway threshold:

T10 = z3(c0ST]COS o COS Ty COS Tg + sinzy(sin 7 sin g cos zg — cos z7 sinxg)

+ sinz; cos z3(cos z7 sin g cos Tg + sin z7 sin zg)) (A19)
#11 = x3(cosz; coszy cos g sin Ty + sin zo(sin z7 sin zg sin zg — cos z7 cos z9)

+ sin z; cos z2(cos 7 sin zg sin 29 — sinz7 cos z9)) (A20)
T12 = z3(— cosz) coszo sinzg + sin zo sin z7 cos T + sin z1 cos T3 cos z7 coszg) (A21)
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Rotation rates of air path axes:

Pw = T4C08T1COSZTs + (T5 — T1/74)sinzo + ze sinzg cos 2
Gw = (Tz—I1/74)COSTo — T4COST)SINTy — TgSinT) SINT2
ry = Zo/rg— z48inz) + TgCOST]

Orientation angles of air path axes:

ZTso = 7T4(Pw + GuSinTse tan Ts3 + 74y COS 52 tan zs3)
Z53 = T4(qu COSTsy — Ty SINT52)
Zsa = 74(qusinzsy + 14 COS T52)/ COS T53

Northward and eastward locations and altitude:

.’i:55 = X3COSZT53 COSTs4

T3 COST53 sin T54

T3 Sin:l:53/fm

Zs56

Zs7

Auxiliary flight information

Aircraft accelerations along air path axes:

az, = —(§SCz+ T cos(z1— dy))/(mcoszs)
ay, = —GSCy/(mecoszy)
a,, = —(gSC,+ Tsin(z; — dy))/(mcoszz)

Normal acceleration:

z13 = —(gS(C, cosz1 + Cysinzy) + T'sindy)/(mg cos z2)

Climb angle:
Ti14 = Tg — T1COST7 — To SINZT7

Aircraft mass change due to fuel burn:
m = —1ys/7934.4

where 7y is the fuel flow in lIb/h, and m is in kg.
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(A22)
(A23)
(A24)

(A25)
(A26)
(A27)

(A28)
(A29)
(A30)

(A31)
(A32)
(A33)

(A34)

(A35)

(A36)

In the preceding equations, the dynamic pressure g is computed by the model of the standard
atmosphere in Appendix B, together with air pressure, temperature and density, and Mach

number.
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APPENDIX B: ATMOSPHERE MODEL

The F-111C Manoeuvre Controller Program uses standard atmosphere conditions. The variation
of pressure is computed from exponential curve fits to standard atmosphere data obtained from
[34]. The atmosphere is segmented into three layers for the purpose of curve fitting to maximise
curve fit accuracy. The air pressure is given by

For 0 < h < 16400 ft:
P = P e *ih (B1)

where P, = 101 325 Pa is the standard sea level pressure, and k; = 3.832 x 1075 ft~1.

For 16400 < h < 32800 ft:

P = Pye—2(h-16400) (B2)
where P, = 54056 Pa is the standard atmosphere pressure at 16400 ft, and ks = 4.343 x 10~°
ft1.

For h > 32800 ft:
P= P3 e—ka (h—32800) (BB)

where P3 = 26 504 Pa is the standard atmosphere pressure at 32800 ft, and k3 = 4.774 x 105
ft-1.
The temperature is determined from the standard lapse rate for altitudes below the tropopause
(36 069 ft):

Ty = 288.16 — l;h (B4)
where I; = —1.9805 x 10~% K/ft is the temperature lapse rate. Above the tropopause, the
temperature is constant at T, = 216.67 K.

Air density at any altitude is computed from the temperature and pressure at that altitude using

the universal gas law:

P
P =R, (B5)

where the universal gas constant R = 286.7 m2s~2K~.

Further information computed for use in the program includes the speed of sound, Mach
number and dynamic pressure:

a = (.RT})Y? (B6)
M = z3/a (B7)
1

respectively, where v, = 1.4 is the ratio of specific heats for air.
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APPENDIX C: FLIGHT CONTROL SYSTEM STATE REPRESENTATION

Aircraft control vector u

The inputs to the control system state equations are the pilot’s stick, rudder, and throttle
movements, and the rate and control surface demands generated by the nonlinear gearing
functions described in Sections 2.2.2, 2.2.3 and 2.2.4 for the pitch, roll and yaw control systems
respectively. The system inputs are summarised in Table C1 and the gearing functions are
detailed in Equations C1 to C9.

| Input | Description | Range (non-dimensional) |
Uy Throttle position 4. 1to15
Uy Longitudinal stick position 4, | -1 to 0.64
ug Lateral stick position ;4 -1to1l
Ug Rudder pedal position ;.4 -1tol
| Input | Description Units
us Pitch rate demand °/s
Ug Elevator demand °
ur Roll rate demand °/s
ug Aileron demand °
Ug Spoiler demand °
U109 Rudder demand °
Table C1: Control system inputs
Pitch control shaping:
us = 75U2
ug = 22us.

Roll control shaping is implemented nonlinearly in two stages. For |u3| < 0.5

Otherwise

where signus = ]-;ff’-[

Yaw control shaping:

ur =
ug = 4’U.3

Uug =

u7 = 160 signug

ug

45 signus.

uig = 1 1.25’11,4 .
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Pitch Control System
State variable sub-vector z

The sub-vector of state variable vector z associated with the pitch control system equations
described in Section 2.2.2 is summarised in Table C2. The state space forms of the pitch control
system equations are given by Equations C10 to C24.

| State variable | Description
Z15 Longitudinal stick lag circuit
Ti6 Structural filter
17 P
T1s "
Z1g "
Tag Pitch damper servo
T91 "
o9 Series trim actuator
T23 "
Tog Elevator actuator
Tos Inverse model
Tog "
To7 i
Tog i

Table C2: Pitch control system state variables

State equations

Longitudinal stick lag circuit:

T15 = —2x15 + Us. (C10)
Structural filter:

.'f)ls = —100.’1316 - 2500.’2:17 - 4500.7:28 - 21:15 (Cll)
T17 = T (C12)
.’i‘lg = —1701,'13 - 72253)19 - 95.’1:16 - 45001‘28 - 23715 (C13)
ZTyg = 18 (C14)

Pitch damper servo:
Tog = —T72.8z99 — 2704.0z9; + Gp(—161.5$13 — 95116 — 450098 — 211:15) (C15)
i‘gl = Z90. (C16)

The control system pitch gain G, is determined by interpolating tabulated data extracted from
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[28]. The value of the pitch gain is dependent on the current flight altitude and Mach number.
The data are summarised in Table 3 in Section 2.2.2.

Series trim actuator:

Too = —18z99 + 2704x9; (C17)
T3 = Z2. (C18)

Elevator actuator:
Tog4 = —20z94 + 64.8z93 + 2704791 + ug. (C19)

Longitudinal aerodynamic feedback - modified pitch rate:

g = 472(25 — =) + 422 X age + 145 (C20)
8 Td 8
Inverse model:
Tos = =—32z95 — 60x9¢ + asb (C21)
T6 = Tos (C22)
Lo = —135z97 — 4500x98 — 96295 — 165296 + 3.75qu (C23)
:bgg = T97. (C24)
Roll Control System
State variable sub-vector z
| State variable | Description ]
Tog Lateral stick lag circuit
T30 Structural filter
$31 ”
132 7
x33 ”
T34 Roll damper servo
z35 1
T36 Aileron actuator
37 Inverse model
$38 ”
$39 ”

Table C3: Roll control system state variables
The sub-vector of state variable vector x associated with the roll control system equations

described in Section 2.2.3 is summarised in Table C3. The state space forms of the roll control
system equations are given by Equations C25 to C37.
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State equations

Lateral stick lag circuit:

Structural filter:

T30 = —90x30 — 2025231 + —2x99 — 386.8x39
31 = Z30
i32 = —85.5:)330 - 1563}32 - 6084.’1:33 - 23)29 e 386.8.’1739
T33 = I32.
Roll damper servo:
3'534 = —72.81‘34 - 2704:635 + Gr(—85.5$30 - 148.25032 - 2:1:29 - 386.8:1:39)
T35 = Z3s.

Tog = —2T09 + u7.

(C25)

(C26)
(C27)
(C28)
(C29)
(C30)

(C31)
(C32)

The control system roll gain G, is determined by interpolating tabulated data extracted from
[28]. The value of the roll gain is dependent on the current flight altitude and Mach number.
The data are summarised in the Table 4 in Section 2.2.3.

Aileron actuator:

Spoiler actuator:

Lateral inverse model:

36 = —20x36 + 270435 + usg.

Z50 = —20x50 + ug.
37 = —130z37 + 3474
5738 = —45.'1133 — 124.5:1737 + T4Td
T3g = —2x39 — 39.5x38 — 124.5x37 + z474.
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Yaw Control System

State variable sub-vector z
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The sub-vector of state variable vector z associated with the yaw control system equations
described in Section 2.2.4 is summarised in Table C4. The state space forms of the yaw control
system equations are given by Equations C38 to C45.

| State variable

Description |

T40
T41
T42
43
Ty4
Z45
T46
Tq7
48
T49

Yaw rate feedback network

7

r”

Lateral acceleration feedback network

Yaw damper servo

’”

Rudder actuator

Table C4: Yaw control system state variables

State equations

Yaw rate feedback network:

.’i‘40 = —Z40 + ZTeT(-

Lateral aerodynamic feedback (lateral acceleration at the centre of gravity):

Ay, = (.’E3 (.’i‘g‘r‘d —8inz124 + Zg) — Zoccta + Xacci"(i/g — COS Tg sinx7y.

Lateral acceleration feedback network:

Z43 = —120x43 — 3600244 + Oy
g4 = T43
T4y = —20x45 — 114343 + Qy gy
Yaw damper servo:
T47 = —T2.8x47 — 2704248 — 1.5924¢ + 1.59z674 + 20245
ZT4g = Ta7.

99

(C38)

(C39)

(C40)
(C41)
(C42)

(C43)
(C49)




DSTO-RR-0129

Rudder actuator:

T49 = —20x49 + 2704148 + u10. (C45)

The missing states z4;, £42 and x4 are associated with the fast modes of the structural filters
discussed in Section 2.2.4 and have not been modelled. They have instead been treated as
straight through connections with their inputs being passed directly to the next element in the
system.

Engine control system
State variable sub-vector z

The sub-vector of state variable vector z associated with the engine control system equations
described in Section 2.2.5 is summarised in Table C5. The state space form of the engine control
system equation is given by Equation C46.

| State variable | Description |

| Ts1 [ Engine lag (Lagged throttle lever §..) |

Table C5: Engine control system state variables

State Equation

Engine dynamics:

Z51 = (—Z51 + u1)/Te. (C46)
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APPENDIX D: AERODYNAMIC AND PROPULSIVE DESCRIPTION

The aerodynamic force and moment coefficients which govern the motions described by the air-
craft dynamics state equations in Appendix A are comprised of various component coefficients
and derivatives which are dependent upon the aircraft altitude, Mach number, aerodynamic
flow angles a (z;) and S (z2), and the elevator, aileron, rudder, and spoiler control surface
deflections &, 04, 6, and &5 respectively.

Control surface deflections:

Je = 203}24 (Dl)
Ja = 203’;36 (DZ)
6,- = 20:049 (D3)
(53 20.’1)50. (D4)
Intermediate throttle lever position: )
61" = Z51. (DS)
Total aerodynamic force and moment coefficients:
Cz = —Capin — Cap — Cg5, — Ca, (De)
. b
Cy = Cyrza+ (Tdcyﬁ..’ltg +Cy, 4 + Cyril:e)i-r-; + Cys, 00 + Cys 0r + Dy;. (D7)
C, = —Cp—(raCr,%1+ CLq-’Es)éc— (D8)
T3
b
C = Clz+ (Crzs + C'lrxs)ﬁ;- + Ci;, 60 + Ciy, 6r + Dy, (D9)
3
Cm = Cmy + (rdCrmy1 + Crmys) 5 (D10)
3
b
Cn = Cpyza+ (Cpza + C"’“)EE; + Cn;s, 00 + Cny, 6r + Dy, - (D11)

The component coefficients and derivatives in Equations D6 to D11 are extracted from the
aerodynamics database [6]. Table D1 details the coefficients, derivatives and other parameters
that are stored in the database, describing briefly their nature, and the independent variables
that are used to recover their instantaneous values from the database. Corrections are applied
to all static aerodynamic coefficients and dynamic derivatives to allow for the effects of aircraft
flexibility and changes in centre of gravity position (X, Z,,) as a function of fuel quantity
[8, 6]. The contributions of the elevator deflection to the normal force and pitching moment
coefficients do not appear explicitly in Equations D8 and D10 since their effects are stored in
the database as implicit contributions to C, and Cy,, respectively. This can be seen in Table D1
by the dependency of these coefficients on J.

In Equation D6, C;, is a drag coefficient increment due to the weapon load being carried. This
quantity is specified by the user at commencement of program execution as a drag index or
drag number I, . The equivalent drag coefficient increment is given by Cy,=10"%1,_ .

Ca,, is the drag coefficient increment due to the tailplane lift. This is the product of the
proportion of the lift coefficient which is attributable to the tailplane, and the trim ratio 7. The
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trim ratio data stored in the database were extracted from [32]. They quantify the relationship
between tailplane lift coefficient increment and the drag due to tailplane lift. The contribution
of the tailplane to the total lift coefficient is computed from the difference between the total
static lift coefficient and the un-trimmed static lift coefficient Cr, _, = CL(A,h, M,0,q) (ie.
with the elevator set at zero). Cy;, is then given by

Cas, = (CL — CLy,_)T7 (D12)

The remaining drag coefficient components in Equation D6 are the minimum (or zero lift)
drag coefficient Cy_,,,, and the induced drag coefficient Cy,. The drag polar summarised in
generalised form by Figure D1 gives the square root of Cy, as a function of the total static lift
coefficient. The graph indicates a bilinear relationship distinguished by the minimum drag
lift coefficient Cy, .., the break point lift coefficient Cr,, and the maximum lift coefficient of
0.9. The relationship is treated as two separate linear functions, indicated by regions a and b
in Figure D1, and delimited by two bounding parameters Cy,, and Cg,,. For region a, Cy, is
determined from

2
CdL = ((CLO};:O - CLmin)ka) (D13)

where the slope &, is given by

Cy
ko= +—%— D14
(CLbr - OLmin) ( )
and for region b
2

Ca, = (Cay + (Cli,co — C, Vs (D15)

where the slope k; is given by

Ca. — Cayy

= | =t 70} 16
& (0.9 - CL, (D16)

The net thrust T' (N) is computed from the net thrust data stored in a propulsion database
according to T' = 4.448T where T is stored in Ibf. Fuel flow (rif) data are stored in the
propulsion database in Ib/h. The instantaneous values of 7' and 7 are recalled from the
database as functions of altitude, Mach number, and the engine state zs; (ST).
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Parameter

Description

Cay,= Cay, (A, M)
Cuy,,= Cqy (A, M)
Cyd'min= Cdmin (A’ M)
T,=T:(A, h, M, o, 68)

Cyﬂ= yﬁ(A7 h7 M7 «, 56)
Cy,=Cy; (A, h, M)

Cy,=Cy, (A, h, M, )

Cyr =Cyr (Aa h7 M: Ol)

Cys, =Cys, (A, b, M, 6., 64)
Cys. =Cls. (A, h, M, )

Dy, =Dy, (A, h, M, ;)

CL=CL(A7 ha Ma 53, a)
CLd =CL.5, (A7 M)

Cr,=Cr,(A,hy M, )
Cr,,.=CrL,, (A, M)
CLmin =CLmin (A7 M)

Clﬁ =Cl5 (A3 h, M, a, 6&)
C,=Ci, (A, h, M, o, é)
C1,=Ci. (A, hy M, a, 0¢)

Cl,;a :Claa (Aa ha M, «, 66’ 5&)
Clg,_ =Cl51. (A7 h'7 Ma Ol)

Dl53 =Dlgs (A7 h,M,a, 55)

Cmo=Cmo(Aa h, M, 563 a)
Cmd =Cmd (Aa h, Ma a)
Cmq’: Cmq (A, h, M, a)

Cny= ng A b, M, a, de)
Cnpzcnp (A’ h, M, Ol)
Cn,=Cn, (A, A, M, @)

Crs, =Cns, (A, h, M, 0, 0¢, )
Cns,_ =Cn5, (A> h,M,a, 51‘)
Dn,ss :D‘nas (A’ h7 M7 a, 63)

[ = T(ha M7 87)
ths = mhs(h, M,6;)

Drag coefficient lower bound parameter
Drag coefficient upper bound parameter
Minimum drag coefficient

Trim ratio

Side force derivative with respect to sideslip
Side force derivative with respect to rate of change

of sideslip

Side force derivative with respect to roll rate
Side force derivative with respect to yaw rate
Side force derivative with respect to aileron
Side force derivative with respect to rudder
Side force increment due to spoiler

Static total lift coefficient

Lift coefficient derivative with respect to rate of
change of angle of attack

Lift coefficient derivative with respect to pitch rate
Lift coefficient break point parameter

Minimum drag lift coefficient

Rolling moment derivative with respect to sideslip
Rolling moment derivative with respect to roll rate
Rolling moment derivative with respect to yaw rate
Rolling moment derivative with respect to aileron
Rolling moment derivative with respect to rudder
Rolling moment increment due to spoiler

Static pitching moment coefficient
Pitching moment derivative with respect to pitch rate
Pitching moment derivative with respect to yaw rate

Yawing moment derivative with respect to sideslip
Yawing moment derivative with respect to roll rate
Yawing moment derivative with respect to yaw rate
Yawing moment derivative with respect to aileron
Yawing moment derivative with respect to rudder
Yawing moment increment due to spoiler

Net thrust (Ibf)
Fuel flow rate (Ib/h)

Table D1: Aerodynamics and propulsion database parameters
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CLmin CL §=0 CLbr CL5C=0 CL:O'Q

Figure D1: Un-trimmed lift dependent drag
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APPENDIX E: EXAMPLE PROGRAM EXECUTION

> flllcpilotd

*xx¥*xkxkx* F111C Manoeuvre Controller - Version 4 ***¥**x*xkk%

Do you want the aircraft to
(1) Perform discrete manoeuvres to be specified later,

OR Track a spatial manoeuvre described in file
TRACK.DAT and specified by:

(2) Time, true airspeed (m/s), bank angle (deg), normal acceleration (g)
(3) Time, true airspeed (m/s), bank angle (deg), altitude (ft)

(4) Time, Xe (m), Ye (m), Ze (ft) - Cartesian coordinates

Option : 1

Do you wish to use flight test validated database :n
Do you wish to employ SI units (otherwise British) :y
Are any weapons to be carried during the flight :n

*** TRIM CONDITIONS SPECIFICATIONS ***

Enter aircraft mass (22600 < Mass(kg) < 40800) : 30000
Enter the wing sweep angle (16< Sweep <72.5 deg) : 26
Enter trim Mach number (0.4 < Mach < 2.5) : 0.7
Enter trim altitude in feet (10 < Alt < 50000) : 400
Trim true airspeed : 237.74 (m/s)

Reading databases !

Trimming aircraft !
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HAE A A CONTROL CONSTANTS SELECTION ARk
DEFAULT CONSTANTS 0)
ANGLE OF ATTACK CONTROLLER CONSTANTS 1)
ALTITUDE CONTROLLER CONSTANTS 2)
VELOCITY CONTROLLER CONSTANTS 3)
BANK ANGLE CONTROLLER CONSTANTS 4)
GAMMA CONTROLLER CONSTANTS 5)

EXIT : any integer > 5
Specify controller selection : 0

Longitudinal Stick : .00000 Elevator (deg) .60120
Thrust Lever : 3.08215 Thrust (N) : 40120.492
Alpha (deg) : 2.35325 Beta (deg) : .00000 Vel (m/s) : 237.744
o) (r/s) : .00000 q (r/s) : .00000 r (r/s) : .00000
Phi (deg) : .000 Theta (deg) : 2.353 Psi (deg) : .000
Xe {m) : .0 Ye (m) : .0 Alt (ft) : 400.0
Specify the number of manoceuvres to be performed (<10) 2

*ok ok ok ok % MANOEUVRE OPTIONS Fk kKKK

STEP CHANGE IN THRUST 1.

LEVEL FLIGHT ACCELERATION/DECELERATION 2.

PUSH-OVER PULL-UP 3.

PULL-UP 4.

TURNS - g FORCE OR BANK ANGLE SPECIFIED 5.

- ANGLE OF ATTACK SPECIFIED 6.

ALTITUDE CHANGE 7.

DIVE AND CLIMB 8.

ALTITUDE CHANGE AND TURN 9.

SPECIAL TURN 10.
Specify option for manoeuvre number 1 : 5
* % % Turns * % %
Specify right turn (1) or left turn (2) ? : 1
Specify yaw angle (1) or banking duration (2) ? : 2
Specify banking duration (s) : 18
Specify bank angle (1) or g-force (2) ? 0 2
Specify g-force (must be positive) : 3
Specify the time delay before starting the manoeuvre (s) : 2
Enter manoeuvre duration (s) : 30
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ok k ok ok ok MANOEUVRE OPTIONS

STEP CHANGE IN THRUST

LEVEL FLIGHT ACCELERATION/DECELERATION

PUSH-OVER PULL-UP
PULL-UP

TURNS - g FORCE OR BANK ANGLE SPECIFIED

- ANGLE OF ATTACK SPECIFIED
ALTITUDE CHANGE
DIVE AND CLIMB
ALTITUDE CHANGE AND TURN
SPECIAL TURN

Specify option for manoceuvre number 2

* ok k Altitude change and turn

Specify altitude change (in feet)

Specify maximum normal acceleration (in g)
Specify minimum normal acceleration (in g)
Constant thrust (1) or constant velocity (2) ?
Do you want to impose a throttle setting limit ?

* % ok k ok Kk

* %k %

5: Mil Thrust, 6: Min Burner, 15: Max Burner.

Enter the throttle setting upper limit: 13

Specify altitude to start the turn

(relative to the initial altitude - in feet)

Specify right turn (1) or left turn (2) ?

Specify yaw angle (1) or banking duration (2) ?

Specify banking duration (s)
Specify bank angle (1) or g-force (2) ?
Specify g-force (must be positive)

[

O WU kW

2000

KN O

1000

Specify the time delay before starting the manoeuvre (s) : 1

Enter manoeuvre duration (in secs)

Specify the number of samples/sec for output files

F111C Manoeuvre Autopilot Mk IV >> Simulation Time

F111C Manoeuvre Autopilot Mk IV >> Simulation Time

Manoeuvre 1 completed by flight time

Longitudinal Stick : .00010
Alpha (deg) : 2.32650 Beta (deg)
D (x/s) : .00507 q (xr/s)

Phi (deg) : .538 Theta (deg)
Xe (m) : 2288.1 Ye (m)

107

Elevator (deg)
Thrust Lever : 3.06828 Thrust

(N)

.02825
.00013

2.422

4824.8

50

(max 60)

29.9833 s.

DSTO-RR-0129

10

29.9 s.

.62699

40656.422

Vel (m/s)
r (r/s)
Psi (deg)
aAlt (ft)

237.746
.00223
105.039
395.8
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F111C Manoeuvre Autopilot Mk IV >>

F111C Manoeuvre Autopilot Mk IV >>
Manoeuvre 2 completed by flight time

Longitudinal Stick :

Thrust Lever

Alpha (deg)

p (r/s) : .00022
Phi (deg) : .123
Xe (m) : 5316.1

End of Main Program

2.45942

79.9667 s.
.00003 Elevator (deg)
3.05732 Thrust (N)
Beta (deg) : .00325
q (r/s) -.00001
Theta (deg) : 2.465
Ye (m) 15339.7

108

Simulation Time

Simulation Time :

30.1 s.

.51638
38030.055

Vel (m/s)
r (r/s)
Psi (deg)
Alt (ft)

79.9 s.

237.748
.0000°
54.395
24C. .8
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